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Abstract

A major development in drug addiction research in recent years has been the discovery that
immune signaling within the central nervous system contributes significantly to mesolimbic
dopamine reward signaling induced by drugs of abuse, and hence is involved in the presentation of
reward behaviors. Additionally, in the case of opioids, these hypotheses have advanced through to
the discovery of the novel site of opioid action at the innate immune pattern recognition receptor
Toll-like receptor 4 as the necessary triggering event that engages this reward facilitating central
immune signaling. Thus, the hypothesis of major proinflammatory contributions to drug abuse
was born. This review will examine these key discoveries, but also address several key lingering
questions of how central immune signaling is able to contribute in this fashion to the
pharmacodynamics of drugs of abuse. It is hoped that by combining the collective wisdom of
neuroscience, immunology and pharmacology, into Neuroimmunopharmacology, we may more
fully understanding the neuronal and immune complexities of how drugs of abuse, such as
opioids, create their rewarding and addiction states. Such discoveries will point us in the direction
such that one day soon we might successfully intervene to successfully treat drug addiction.
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1. Drugs of abuse: where to begin?

The neurocircuitries that contribute to the adaptive and beneficial aspects of hedonia,
learning, and memory are crucial for an organism's long-term survival. In contrast to
activation of these multi-nuclei networked/patterned response systems by natural rewards
(palatable food, salt, sex, etc.), several classes of foreign compounds (xenobiotics) are
capable of directly “high-jacking” these systems, creating states of pharmacologically
induced euphoria and reward. Repeated exposure to xenobiotics with these pharmacological
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properties can lead to neuronal and behavioral adaptations that produce states of addiction
and dependence to the xenobiotic, which is self reinforcing leading to escalation of drug use,
and in the absence of drug produces states of withdrawal; hence these agents are collectively
termed drugs of abuse. These abused xenobiotics have diverse structures and
pharmacologies of both biologically-derived and fully synthetic origins. And yet, the action
of many drugs of abuse converge on the mesolimbic dopamine reward pathway, in which
exposure to these xenobiotics results in activation of the dopamine neurons projecting from
the ventral tegmental area to the nucleus accumbens shell and/or elevation of extracellular
dopamine within the nucleus accumbens shell itself (Ikemoto, 2007). These xenobiotic
effects occur via bypassing classical adaptive signaling pathways and directly manipulating
neurotransporter function, altering activation and inhibition pathways and vesicular
displacement of neurotransmitters. Additional neuronal-mediated complexities to this
system have also been observed (Laviolette et al., 2002; Vargas-Perez et al., 2009).

These xenobiotics can be from both legal and illicit drug origins, but, irrespective of origin,
when these drugs are administered purely for their rewarding properties their use causes a
profound social and economic burden on the individual and the community around them.
The state of addiction and dependence leads the individual to repeatedly administer these
xenobiotics, resulting in extensive exposure of the central nervous system to the parent
xenobiotic and/or its metabolites. This xenobiotic exposure has a variety of consequences
for the central nervous system, including neuronal adaptation and toxicity (Buttner, 2011,
Cappon et al., 1998; Fantegrossi et al., 2008; Salazar et al., 2008; Tilleux and Hermans,
2007; Weber et al., 2006). These xenobiotic-induced alterations in central nervous system
homeostasis often lead to increased allosteric load. Thus, in the absence of the xenobiotic, or
when its pharmacological action is blocked, behavioral signs of dependence and relapse are
precipitated. However, these responses are varied across abused xenobiotics, thus
demonstrating specificity of adaptation (Hyman et al., 2006).

Owing to the profound, abundant neuronal actions of these abused xenobiotics, much of the
research focus over several decades has been on understanding the neurocircuitry, neuronal
receptors, intra-neuronal signaling pathways and neuronal-sensitization events that lead to
the physiological state of addiction and dependence. However, in the past two decades, a
trickle of manuscripts examining the non-neuronal central nervous system immune
consequences of drugs of abuse has now swollen to a significant body of work. Initially,
these studies reported correlative evidence of central nervous system proinflammation
resulting from exposure to the drugs of abuse demonstrating key implications for
neurotoxicity and disease progression associated with, for example, HIV infection (Coller
and Hutchinson, 2012). However, more recently, this drug-induced activation of central
immune signaling is now understood to contribute substantially to the pharmacodynamic
actions of drugs of abuse, by enhancing the engagement of classical mesolimbic dopamine
reward pathways and withdrawal centers. Thus the hypothesis of major proinflammatory
contributions to drug abuse was formed through the unification of the collective wisdoms of
neuroscience, immunology and pharmacology; hence, Neuroimmunopharamcology.

Such discoveries of central nervous system immune involvement in the mesolimbic
dopamine reward pathway have significant implications for how we understand reward to be
modulated in beneficial adaptive situations versus maladaptive pathogen- and xenobiotic-
induced reward conditions. However, whilst exciting in its implications, the hypothesis of
major proinflammatory contributions to drug abuse also presents a series of quandaries
which have rightly been raised by the addiction neuroscience establishment. None are less
critical than the question: How can proinflammatory immune signaling be involved in drug
reward and addiction when we don’t like being sick?

Neuropharmacology. Author manuscript; available in PMC 2015 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hutchinson and Watkins Page 3

Thus, the aim of this review is to introduce and review the literature of the central
immunology targets of drugs of abuse, highlighting the common mediators and mechanisms
and the exciting opportunities these new targets have in identifying ‘at risk” individuals and
novel therapeutic opportunities. Additionally, some of the key conceptual and intellectual
stumbling blocks that have impeded the proinflammatory hypothesis of drug abuse will be
highlighted and explained in detail. Finally, the future of addiction research through
“Neuroimmunopharmacol ogy tinted glasses” will be surveyed to paint a picture of what the
future of addiction research might hold.

Owing to the breadth of xenobiotics abused it will be difficult to cover all the developments
in Neuroimmunopharmacology for each class. For a detailed review of these topics for
abused xenobiotics where central immune signaling involvement has been established see
our recent review (Coller and Hutchinson, 2012). Instead, here we will focus in this review
on the evidence that we, and others, have generated over the past decade for opioid
activation of central immune signaling and the impact this has on opioid reward and
dependence.

2. An introduction to central immune signaling

Given that the hypothesis of major proinflammatory contributions to drug abuse requires
both the knowledge of, and an appreciation for, neuroscience, immunology and
pharmacology, a few key concepts need to be introduced in order to make this fascinating
area optimally accessible. Firstly, the concept of immune-to-brain communication, which
result in central immune signaling and subsequent altered behavior via neuronal-dependent
adaptations will be examined.

It is very uncommon in an Immunology 101 course for any references to the central nervous
system to be included, except perhaps when referring to immune involvement in
neuroinflammatory diseases, such as Alzheimer’s and Multiple Sclerosis. The predominant
focus of most basic immunology courses, and in fact the collective wisdom held by the
general public, is that the immune system’s role is to defend the host organism from
invading pathogens and to fight off infections. Whilst this host defense dogma is correct, the
immune system has a far more nuanced role than we in western medicine and medical
research currently give it credit for. The potential impact of peripheral immune cells, or
immune signaling factors on brain function is commonly not discussed. However, this
limited view of immune function is rapidly changing owing to a wealth of literature over
more than 50 years.

Few of us will be unfamiliar with feeling sick at some point in our lives. But how do we feel
sick and why don’t we like it? A standard systemic immune response to an insult such as
endotoxin (lipopolysaccharide from gram negative bacteria) causes a profound alteration in
behavior, termed sickness behavior or the illness response. The anhedonic qualities
associated with the illness response have been well established in multiple domains such as
animal husbandry as well as the clinic (Yirmiya et al., 2000). Clearly anhedonia is only one
facet of the complex sickness response, which also includes lethargy, depression, anxiety,
anorexia, heightened pain states (hyperalgesia and allodynia), and cognitive impairment
(Dantzer et al., 1999). Many of these behaviors require significant central nervous system
engagement, demonstrating that this peripheral immune response is capable of profoundly
modifying behavior and thus must have the capacity to alter central nervous system
function. These discoveries of immune-to-brain communication are a cornerstone of
Psychoneuroimmunology (Besedovsky and Rey, 2007).
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The cause of the altered behavior induced by illness had been postulated to be due to
changes in metabolic reserves resulting from the full activation of the immense power, but
energy hungry, immune system. But when it was discovered that a blood borne factor
resulting from endotoxin exposure was capable of altering behavioral function without the
need for endotoxin to cross the blood brain barrier (Holmes and Miller, 1963), the age of
immune-to-brain signaling was born. These immune derived cytokines have been
characterized to act by various humoral and neuronal routes to alter central nervous system
neuronal function (Capuron and Miller, 2011; Miller et al., 2009). But this is not the only
alteration in the brain during an illness response. The non-neuronal cells of the central
nervous system, glia, also respond following a similar peripheral immune challenge
(Laflamme and Rivest, 1999), causing the generation of proinflammatory cytokines and a
myriad of other neuronal adaptations and sensitizations within the brain and spinal cord.
Hence, illness-induced immune responses are capable of profoundly altering central nervous
system function via multiple parallel routes.

3. But is this too non-specific? Are all brain nuclei altered to the same
extent? How can this peripheral immune response cause a specific
behavioral phenotype such as the iliness response?

The key concepts of bioavailability, neuroanatomy and immune heterogeneity come to the
forefront. Firstly, much of the central nervous system is protected from the primary factors
of an invading organism, owing to the blood brain barrier, thus rendering factors, such as
endotoxin, with poor central nervous system bioavailability and immediately restricting the
triggers of central immune signaling. Secondly, discrete central nervous system nuclei are
capable of responding to the immune challenge owing to their neural networks and structural
characteristics. The circumventricular organs are sensitive to peripherally restricted factors
like endotoxin and circulating cytokines, but likely choose this leaky blood brain barrier
phenotype in order to sense peripheral challenges. The ascending sensory neural projects
that sense peripheral immune responses via the sensory vagus nerve project to the nucleus of
the tractus solitarius and area postrema and from there can secondarily recruit additional
centers through specific, targeted pathways the activation of which leads to the generation of
each element of the sickness response: fever, increased sleep, adipsia/aphagia, anhedonia,
etc. Therefore, the majority of the central nervous system is not influenced by peripheral
immune responses. Finally, even within these peripheral immune-influenced nuclei there is
significant immune heterogeneity. Just as a dopamine neuron is as distinct in its
neuroanatomical location, transcriptome and proteome from a serotonin neuron, it is
apparent that the immune cells and immune signaling molecules of the central nervous
system have similar regional specificity (Adler and Rogers, 2005). Thus, a peripheral
immune response does not simply cause pan proinflammatory glial reactivity within the
central nervous system. Rather discrete nuclei are sensitive to such immune stimuli and
become activated (Laflamme and Rivest, 1999; Park et al., 2008). Moreover, the immune
signals within the central nervous system may not be “inflammatory” per se, and rather can
act at sub-inflammation levels functioning in a fashion akin to neurotransmitters (Adler and
Rogers, 2005). Interestingly, the range of factors that have been identified as capable of
triggering central immune signals has expanded to include endogenous danger signals
(DAMPs; danger associated molecular patterns) that elicit responses from the innate
immune system, such as via pattern recognition receptors (Buchanan et al., 2010).

By examining a combination of these neuronal and non-neuronal adaptations following
peripheral illness, a series of hypotheses have been put forward to explain the altered
behavior caused by the initial immune response. These include, but are not limited to, active
transport of cytokines into CNS (Erickson et al., 2012),, induction of neuroinflammatory
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mediators in brain as a consequence of blood-borne cytokines (Dantzer et al., 2008), acute
depletion of serotonin owing to microglial upregulation of indolamine-2,3-oxygenase which
causes a direction of tryptophan away from serotonin synthesis and instead into the
kynurenic acid pathway; and alterations in glutamate homeostasis due to proinflammatory
signaling induced down regulation of astrocytic glutamate transporters which cause acute
loss of extracellular glutamate control (Capuron and Miller, 2011; Miller et al., 2009;
Yirmiya and Goshen, 2011a).

4. So where do drugs of abuse fit in and how is proinflammatory immune
signaling within the central nervous system involved? How can
proinflammatory immune signaling be involved in drug reward and
addiction when we don'’t like being sick? If iliness is something we don’t
enjoy shouldn’t illness counteract the rewarding pharmacodynamic actions
of drugs of abuse?

Examples of alterations of central nervous system immunology by drugs of abuse began
surfacing in the early 1990s with profound opioid-induced changes in glial cellular
morphology and phenotypic receptor/immunohistological marker expression. For example,
after long-term systemic morphine administration, a significant increase in astrocytic GFAP
(glial fibrillary acidic protein; a cell surface marker of astrocyte reactivity) expression was
observed in the ventral tegmental area but not in the substantia nigra, locus ceruleus,
cerebral cortex, or spinal cord, thereby displaying significant regional heterogeneity
(Beitner-Johnson et al., 1993), perhaps in part reflective of known heterogeneities in
astrocytes (Chaboub and Deneen, 2012). Moreover, these opioid-induced differences in
GFAP expression were strain specific (Beitner-Johnson et al., 1993). It is noteworthy that
Beitner-Johnson et al., (1993) hypothesized a possible role for these opioid-induced GFAP
adaptations in response to drugs of abuse, because they occurred primarily in the
mesolimbic dopamine system and strain differences were correlated with preference for
drugs of abuse. However, this line of research fell silent until the turn of the millennium.

Immune involvement, in general, was first demonstrated by Dafny and Dougherty et al.
(Dafny et al., 1990; Dougherty et al., 1990) who found that several non-selective
immunosuppressive treatments ameliorated morphine withdrawal behaviors in rats.
However, these studies were conducted prior to an appreciation of the importance of glial
cells in the behaviorally relevant functioning of the central nervous system. Additionally,
concerns about the animals’ ability to display withdrawal behaviors under such generalized
immunosuppressant regimens led to the end of the work (Berthold et al., 1989; Dantzer et
al., 1987). However, one intriguing aspect to Dafny’s research was that his use of
systemically administered immunosuppressants would likely have drastically altered
immune-to-brain and central immune signaling capacities.

The first implication of central immune signaling modulation of morphine reward behaviors
was accomplished by direct injection of astrocyte-conditioned medium (that likely contained
important soluble co-factors such as cytokines and chemokines, but not endotoxin) into the
nucleus accumbens (Narita et al., 2006). This caused heightened morphine conditioned place
preference, a preclinical behavioral index of reward that relies upon Pavlovian conditioning
of neutral environmental stimuli and pairing with the administration of a drug (Narita et al.,
2006). Through the use of pharmacological proinflammatory glial attenuating drugs, this
study (Narita et al., 2006), and others to follow, demonstrated that blockade of
proinflammatory glial activation could: block morphine and oxycodone conditioned place
preference (Hutchinson et al., 2009; Hutchinson et al., 2008b; Hutchinson et al., 2012;
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Narita et al., 2006); block drug-induced reinstatement of morphine conditioned place
preference (Schwarz et al., 2011); attenuate remifentanil self administration (Hutchinson et
al., 2012); block morphine and oxycodone spontaneous and precipitated withdrawal
(Hutchinson et al., 2009; Hutchinson et al., 2010b), and simultaneously prevent brain
increases or caused brain decreases of cytokines and chemokines in various brain regions
shown to mediate withdrawal (e.g. in the ventral tegmental area and in the nucleus
accumbens)(Hutchinson et al., 2009); and block morphine-induced elevations of dopamine
in the nucleus accumbens (Bland et al., 2009; Hutchinson et al., 2012). Collectively, this
body of work from multiple laboratories has entwined central immune signaling in the
complexities of the mesolimbic dopamine reward neurocircuitry.

Despite opioid-induced central immune signaling being found to modify opioid-induced
dopamine release in the nucleus accumbens, much of the prior and perhaps parallel events
that lead to the elevated behavioral reward and dependence endpoints remain poorly
characterized. Clearly, opioid-induced central immune signaling must have neuronal
consequences in order to precipitate these changes in behavior. The neuronal consequence of
opioid-induced proinflammatory immune signaling that have been characterized to date
suggest that the response is dependent on proinflammatory-induced down-regulation of
glutamate transporter expression, which can lead to a dysregulation of extracellular
glutamate (Nakagawa et al., 2005; Nakagawa and Satoh, 2004; Ozawa et al., 2004; Ozawa et
al., 2001; Wang et al., 2003), potentially contributing at minimum to opioid withdrawal
(Nakagawa and Satoh, 2004). Additionally, proinflammatory cytokines themselves have
been proposed as potential contributors to opioid reward (Coller and Hutchinson, 2012) via
their neuroexcitatory effects (Watkins et al., 2009), GABA receptor downregulation
(Stellwagen et al., 2005), upregulation of AMPA/NMDA expression and function (De et al.,
2003), and enhancement of neurotransmitter release (Youn et al., 2008). The opioid-induced
modulation of glial derived neurotrophic factors such as GDNF are also of significant
interest owing to the established behavioral significance for GDNF on nucleus accumbens
dopamine levels and the expression of reward behaviors (Airavaara et al., 2006; Airavaara et
al., 2004). However, the significance and consequences of the regional heterogeneity of
opioid-induced central immune signaling in the very early Beitner-Johnson et al. (1993)
studies are at present unclear.

Whilst evidence for these major proinflammatory contributions to drug abuse has been
presented here for morphine and similar opioids, similar central proinflammatory responses
have been observed for a diverse range of abuse xenobiotics, such as alcohol, cocaine,
methamphetamine, and 3,4-methylenedioxymethamphetamine (see Coller et al., (2012) for
review). Interestingly, as time passes and the proinflammatory hypothesis of drug abuse
becomes more widely known and accepted, increasing numbers of manuscripts have been
published that transition this associative relationship between xenobiotic exposure and
proinflammatory central immune responses, to a causative pharmacodynamic relationship.
To date, evidence has now been published demonstrating central immune signaling
involvement in behavioral responses to alcohol, cocaine, methamphetamine, and 3,4-
methylenedioxymethamphetamine (Coller and Hutchinson, 2012). However, the
mechanistic link between the xenobiotic-induced central immune signaling and altered
mesolimbic dopamine reward neurocircuitry remains to be characterized and contrasted for
the different classes of abused substances.

5. How do structurally diverse xenobiotics have a similar central immune
proinflammatory phenotype but such diverse neuropharmacologies?

The apparent non-specificity of the activation of the central immune response has raised
concerns that this event is a byproduct of direct neuronal actions of the drugs of abuse rather
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than a specific triggering of immune signaling and their activation pathways. Whilst this is a
very valid hypothesis supported by generic neurotoxicity events triggered for example by
xenobiotic-induced glutamate excitotoxicity, recent evidence suggests an entirely new site of
xenobiotic action. Whilst first characterized for opioids, this new non-opioid receptor site of
opioid action likely has implications for a very diverse range of xenobiotics, both of abused
and non-abused pharmacologies (Coller and Hutchinson, 2012; Hutchinson et al., 2012;
Hutchinson et al., 2011).

Opioid research has long focused on opioid ligand action at classical neuronal opioid
receptors and their role in disinhibition of the mesolimbic dopamine reward pathway and
modification of several other nuclei in the presentation of acute reward, development of
dependence and presentation of withdrawal. Classical neuronal opioid receptors and their
associated pharmacodynamic actions are well characterized as stereoselective, that is the
naturally occurring (—)-isomer of opioid ligands has far greater activity than the unnatural,
fully synthetic, (+)-isomer (Takagi et al., (1960). However, the early work of Takagi et al.
(1960) demonstrated the pharmacodynamic relevance of non-classical non-stereoselective
opioid actions. Since this early work, only a handful of papers have examined the
pharmacological and behavioral significance of opioid actions at these non-stereoselective
sites (Hutchinson et al., 2010a; Hutchinson et al., 2011; Hutchinson et al., 2008c). Several
sites have been proposed, such as Filamin A (Burns and Wang, 2010; Wang et al., 2008) and
NADPH oxidase (Wang et al., 2012a). However, our interest has focused on a fascinating
class of innate immune receptors called Toll-like receptors (TLR), owing to their unique and
diverse detection capacity and downstream signaling events, some of which had already
been implicated in opioid pharmacodynamics. Interestingly, we have generated evidence
that some of the other sites of potential action of opioids may lie downstream of TLR
engagement increasing the importance of TLRs to opioid pharmacodynamics (Hutchinson et
al., 2012).

As introduced previously, structurally diverse drugs of abuse, including opioids can be
viewed as xenobiotics; that is, chemicals which are foreign to the organism. The body has a
range of well-characterized systems to detect these foreign chemicals such as the liver’s
pregnane X receptor (Matic et al., 2007). The question we posed was whether there were
other receptors that would recognize chemicals as substances “foreign” to the central
nervous system and trigger a central immune signaling response, and thus be the entity
upstream of the proinflammatory central immune signals contributing to opioid reward and
dependence behaviors.

Within the central nervous system, pattern recognition receptors, such as TLRs, can serve
this sentinel role identifying “molecular patterns” as “non-self” or “danger” signals
(Buchanan et al., 2010). These receptors are expressed by the innate immune system cells of
the central nervous system, including endothelial cells, microglia, and some astrocytes, but
rarely by adult neurons under nonpathological conditions (Buchanan et al., 2010; Chen and
Nunez, 2010; Rivest, 2009). However, in some cases neuronal TLR expression has been
reported (Li et al., 2009; Wadachi and Hargreaves, 2006), although the behavioral role of
such expression is yet to be clarified. Unlike neuronal receptors for neurotransmitters, which
display ligand selectivity and specificity, pattern recognition receptors have explicitly
evolved to recognize multiple diverse conserved pathogen-associated molecular patterns
(PAMPs) that are associated with microbial pathogens or cellular signals of danger or stress
(danger-associated molecular patterns; DAMPS). Harking back to the original
psychoneuroimmunology work in the 1960s, TLR4 has been characterized as the innate
immune receptor responsible for detecting the presence of endotoxin (Hoshino et al., 1999).
Binding of agonist ligands to TLR4 and its accessory molecules such as MD2 and CD14
activates downstream intracellular signaling pathways similar to those activated by
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interleukin-1p (O’Neill, 2008), and in fact belongs to the interleukin-1 receptor/TLR
superfamily, inducing the production and release of proinflammatory, neuroexcitatory
mediators via MyD88-dependent intracellular pathways (Yirmiya and Goshen, 2011b).
Therefore, TLRs may play a pivotal sensing role for the innate immune system within the
central nervous system by detecting the presence of xenobiotics, such as opioids, and
translating their presence into a central immune signal.

Over recent years, supported by National Institute on Drug Abuse funding, we have
examined the xenobiotic-mediated TLR4 actions of opioids using a collection of in vivo, in
vitro, molecular and in silico strategies, demonstrating that various opioids, including
morphine, activate TLR4 signaling (Hutchinson et al., 2012; Hutchinson et al., 2010b; Wang
et al., 2012b) through binding to an accessory protein of TLR4, MD2, thereby inducing
TLR4 oligomerization and triggering immune signaling within the central nervous system
(Hutchinson et al., 2012; Wang et al., 2012b). With specific relevance to opioid reward we
have demonstrated that pharmacological blockade of TLR4 or genetic deletion of MyD88-
TLRA4-dependent signaling suppresses opioid-induced conditioned place preference; reduces
remifentanil self-administration and reduces morphine-induced elevations of extracellular
dopamine in the nucleus accumbens (Hutchinson et al., 2012). Importantly, these actions of
opioids at TLR4 do not produce a unidirectional influence on opioid pharmacodynamics, as
blockade of opioid action at TLR4 or reduction of opioid-induced proinflammatory central
immune signaling enhances acute and chronic opioid analgesia (Hutchinson et al., 2007;
Hutchinson et al., 2008a; Hutchinson et al., 2010a; Hutchinson et al., 2009; Hutchinson et
al., 2008b; Hutchinson et al., 2012; Hutchinson et al., 2011; Hutchinson et al., 2010b;
Thomas and Hutchinson, 2012; Wang et al., 2012b). Thus we have established at minimum
opioid-induced TLR4 as an initiating site of proinflammatory central immune signaling
which occurs parallel to actions at opioid receptors, collectively creating the behavioral
opioid phenotypic responses.

6. Whose fault is it, the parent or the “child”? The effect of drug
metabolites on central immune signaling

In order for the body to clear xenobiotics from the system, they can undergo a myriad of
biotransformations, often catalyzed by specific enzymatic reactions, such as those carried
out by the families of Cytochrome P450s and glucuronyltransferases, just to name two.
Traditionally, these reactions are considered bioinactivation steps that serve the dual purpose
to also facilitate the hydrophilic clearance of the xenobiotic. However, in some cases the
opposite is true and bioactivation can occur through the unmasking of an active functional
group, thus metabolism of the parent xenobiotic gives birth to an active metabolite “child”,
through which the pharmacological activity of the parent xenobiotic continues. This
pharmacological activity of the metabolite can be equal to, or greater than the parent, and
critically, can share the same, lose or gain pharmacological characteristics.

The main metabolites of morphine, morphine-3- and morphine-6-glucuronide are intriguing
beasts. Owing to the established structure activity relationship of the morphine 4,5-
epoxymorphian structure established with simpler structures such as codeine/morphine and
hydrocodone/hydromorphone, one can immediately hypothesize that morphine-6-
glucuronide will have maintained opioid activity, since the critical 3’ hydroxyl group is
maintained, whilst morphine-3-glucuronide will have profound loss of opioid function
(Chen et al., 1991). What is not anticipated is the newfound neuroexcitatory activity of
morphine-3-glucuronide (Labella et al., 1979), which does not involve direct morphine-3-
glucuronide activity at NDMA receptors (Hemstapat et al., 2009). Thus, despite extensive
searchers for direct neuronal targets, the mechanism of morphine-3-glucuronide action
remained unclear.
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Until recently the acknowledgment of the immune modulatory capacity of opioids had been
limited to their parent molecules, with little to no attention paid to the much longer lasting
and abundant metabolites. We identified that morphine-3-glucuronide displayed profound
TLR4 activity, greater than that of its parent morphine, and was capable of inducing in vitro
microglial proinflammatory activation (isolated from the spinal cord) and release of
Interleukin-1p, with similar in vivo effects also observed and noted to produce profound
nociceptive TLR4-dependent behavioral consequences (Lewis et al., 2010). This discovery
of immune-biasing of morphine via 3-glucuronidation has profound ramifications as it opens
the door for other glucuronidated xenobiotics to follow a similar path to become recognized
as xenobiotic associated molecular patterns (XAMPSs) by pattern recognition receptors such
as TLR4. The first extension of this hypothesis is born out in our recent work that
demonstrates that a major ethanol metabolite, ethyl-glucuronide, possesses TLR4 activity
and associated in vitro molecular and in vivo behavioral consequences (Lewis et al., 2013;
Schéfer, 2013). How many other xenobiotics of either licit or illicit use, naturally occurring
or in the Pharmacopoeia undergo similar immunobioactivation steps? Only time and further
research will tell.

The reason why xenobiotic metabolism has such an immunobioactivation action may be
found in early immunogenicity research of haptenation (Landsteiner, 1936). A hapten is a
small chemical functional group, which alone possesses minimal immune activity, but when
combined with a carrier molecule, such as a protein, now gains immunogenicity to which
the immune system can respond. This strategy has been commercialized to create, for
example, many of the antibodies used for immunohistochemistry or other research purposes
today. Haptenization can be employed by the host organism to unmask the presence of an
otherwise immunologically invisible parasite (Palm and Medzhitov, 2009). Interestingly,
many of the haptens which were discovered early last century have been forgotten, instead
only the most active agents are still employed to engender strong acquired immune antibody
responses (Palm and Medzhitov, 2009). Of note is that glucuronidation is among the
haptenation that Landsteiner (1936) characterized to possess immunogenicity. Recently,
additional advancements in understanding the immune response to haptens was clarified by
Palm and Medzhitov (2009), which has further implicated the innate immune system and
TLRs in the complexities of hapten detection and subsequent innate and acquire immune
responses. Therefore, could it be that biotransformation enzymes and the innate immune
system are joining forces to detect the presence of an evolutionarily ancient foe, similar to
TLR4 detection of endotoxin? This is an area with wider implications than the drug abuse
field and disserves significant attention.

7. But hang on, we have just said endotoxin and hence TLR4 activation
produces sickness behaviors and anhedonia. How can xenobiotic-induced
TLR4 activation contribute to drug reward, but pathogen-induced TLR4
signaling causes sickness behaviors? Aren’t these contradictory?

Rewarding behaviors, such as the ingestion of palatable foods, are altered by sickness
induced TLRA4 signaling. This signaling is initiated out in the body as a consequence of
pathogen/endotoxin recognition by TLR4-expressing peripheral immune cells. Alteration in
palatable food intake is the behavioral culmination of the complex balance of both
anhedonic and hedonic neurocircuitries (Baldo and Kelley, 2007; Berridge and Kringelbach,
2013). Importantly, a distinction here needs to be made when comparing the central immune
signaling following administration of a xenobiotic of abuse and exposure to a peripheral
immune stimulant like endotoxin or gram negative bacteria. Xenobiotics of abuse, unlike
endotoxin or gram negative bacteria from which endotoxin is derived, can broadly access
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brain nuclei including those associated with drug reward owing to their penetrance across
the blood brain barrier. Xenobiotics of abuse directly engage TLR4-dependent central
immune signaling, rather than relying on indirect humoral and neuronal pathways activated
as a consequence of strictly peripheral activation of TLR4. Thus a distinct pattern of
activation should occur following CNS-penetrant xenobiotic exposure versus following
peripherally-restricted endotoxin/gram negative bacteria, and hence each sums to produce
substantially different behavioral responses.

Whilst, behaviorally, iliness associated TLR4 signaling gives rise to reduction in palatable
food intake, this effect is not solely caused by a reduction in the hedonic value of the food
but is also due to combined influences of illness-induced aphagia, fatigue, anxiety and other
illness associated outcomes as well (Borowski et al., 1998; Park et al., 2008). Therefore,
even during peripherally triggered TLR4-dependent illness responses, were an ill organism
to encounter a rewarding stimulus, activation of the reward neurocircuitries by such stimuli
can still occur, despite the behavioral response appearing as anhedonia (Borowski et al.,
1998; Park et al., 2008). A key example of this is the activation of the caudal nucleus
accumbens by palatable food consumption under both control and peripheral endotoxin-
induced sickness conditions (Park et al., 2008). The caudal nucleus accumbens is a key
nuclei contributing to the positive hedonic value of numerous pharmacological and non-
pharmacological stimuli (McBride et al., 1999). Importantly, the behavioral anhedonia
reported by Park et al., (2008) likely resulted from endotoxin-induced activation of the
rostral nucleus accumbens, an area linked with anhedonia (Berridge and Kringelbach, 2013;
McBride et al., 1999).

But can a peripheral TLR4-dependent illness response or central immune signaling event
alone engage any part of the reward neurocircuitry? This has been examined by Borowski et
al., (1998), who demonstrated that systemic endotoxin (lipopolysaccharide; LPS)
administration caused significant elevations in nucleus accumbens dopamine release, a
neurochemical response classically associated with hedonic rewarding experiences, despite
this being associated with decreased intracranial self stimulation on ascending but not
descending rate-intensity functions. As nucleus accumbens dopamine release can also be
induced by non-rewarding stimuli, like shock or other stressors, the interpretation of
dopamine release in response to sickness remains to be defined.

However, given the fact that either central immune signaling alone (caused by centrally
administered astrocyte conditioned media (Narita et al., 2006)) or TLR4 activation alone
(produced by central endotoxin administration (Holmes and Miller, 1963)) fail to present
behaviorally as rewarding experiences indicates, additional engagement of other reward
pathways is require. And yet, as outlined previously, opioid reward in TLR4 null mutant
mice, or when TLR4 is pharmacologically blocked by an antagonist, fail to produce
behavioral reward (Hutchinson et al., 2012). Therefore, the two systems are interdependent
and activation of both appears to be necessary to produce behavioral reward. However, the
precise mechanism of this fascinating relationship requires further examination.

This does raise a quizzical point of methodological contention: does decreased intracranial
self stimulation, palatable food consumption or self administration of a xenobiotic of abuse
mirror discounting of their rewarding qualities thus rendering responses inherently less
valued, or alternatively, does this reflect an increased rewarding value of the stimuli and
hence reduced responses are required to reach hedonic satisfaction? Sure enough, examples
of both interpretations can be found in the literature (Park et al., 2008; Ranaldi and
Beninger, 1994), emphasizing the value of testing multiple preclinical models. However,
future methodological complications presented by examining the role of central immune
signaling in reward behavior and neurochemistry need to be examined carefully using
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multiple compatible methodologies. Collectively, these data open a fascinating window into
the potential, and yet extremely complex relationship between illness responses and drug
reward, and thus the likely involvement of TLR4 and central immune signaling in both.

Thus, opioids together with their newly identified TLR4 actions, affect the mesolimbic
dopamine system to amplify opioid-induced elevations in extracellular dopamine levels,
with especial attention being drawn to the caudal nucleus accumbens. This means that one
could expect that activation of TLR4 or pharmacologically mimicking its downstream
proinflammatory central immune signals would potentiate drug reward. This has already
been demonstrated for alcohol (Blednov et al., 2011), and as discussed and reviewed
previously (Coller and Hutchinson, 2012), blockade of TLR4 and related immune signaling
pathways drastically alters the behavioral response to multiple drugs of abuse. However,
why behaviorally alcohol consumption under these TLR4-burdened conditions presents as
an increase in response rate, whilst palatable food consumption does not, needs greater
examination acknowledging a role of the central immune signaling and reward
neurochemistry events.

Thus, to reiterate, it is hypothesized that if proinflammatory central immune signaling is
triggered in key central nervous system nuclei combined with activation of mesolimbic
dopamine reward pathways the “perfect storm” of neuronal and immune signals are created
to produce the full range of reinforcing signals that present behaviorally as drug reward (see
schematic in Figure 1). However, it must be emphasized that a great deal of additional work
is required to consolidate these hypotheses with established neural pathways and temporal
signaling events.

8. Do we have any human data to support the proinflammatory hypothesis
of drug abuse?

Currently there are no clinically applicable pharmacological therapies that target the central
nervous system immune signaling pathways. Even the range of immunomodulatory agents
that are clinically prescribed have been designed to alter peripheral not central immune
function and as such often have very poor central nervous system bioavailability. As such,
pharmacological testing of this proinflammatory hypothesis is currently difficult, although
promising data are on the horizon (www.clinicaltrials.gov; search ibudilast; studies
NCTO01740414 and NCT00723177). Nevertheless, given that up to 60% of drug dependence
is heritable (Tsuang et al., 1998), if central immune signaling were a major contributor to
drug abuse one would expect that genetic variability in immune pathways would be
associated with drug dependent populations. Moreover, if the TLR4 immunobioactivation
hypothesis above is correct, one would hypothesize that similar immunogenetic related traits
would be associated with multiple drugs of abuse. Additionally, such a hypothesis would
also aid in the scaling of the ladder of drugs of abuse from the perceived less harmful drugs
of abuse to those whose consumption is profoundly detrimental.

To date we have examined functionally important single nucleotide polymorphisms in the
Interleukin-1p gene and their association with dependence to opioid or alcohol in two
separate populations. Here we positively linked -511C/T and —31T/C in both populations
(Liu et al., 2009). Mechanistically how these genes agree with the central hypothesis of
proinflammation linked to risk of dependence, the Interleukin-1B wild-type sequence at
-511 and —31 is associated with increased Interleukin-1f release, hence it is hypothesized
that carriers of the wild-type allele have greater central immune signaling and
proinflammatory responses following opioid exposure (Liu et al., 2009) and hence greater
risk of dependence which is supported by preclinical data (Liu et al., 2011). Examination of
a wider range of genetic polymorphisms in immune genes is near completion with exciting
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implications for the identification of at risk individuals and the personalization of
pharmacological dependence treatment to a central immune targeted therapy when
immunogenetic screening indicates probable proinflammatory involvement in a case of drug
abuse.

9. Can we pharmacologically or non-pharmacologically intervene to reduce
drug abuse by targeting central immune signaling pathways?

Abstinence programs and substitution based maintenance therapies are commonly
employed, but unfortunately are ineffective in the long run, and in some countries face stiff
political opposition. Non-pharmacological therapies such as cognitive based therapy are
widely used with some success. Thus the newly discovered role of central immune signaling
in drug reward and dependence provides an exciting novel target to achieve a drug addiction
treatment and supplement existing treatment regimens.

However, as mentioned previously, there are no specifically designed or developed
pharmacotherapies for the targeted indication of intervening in a proinflammatory signaling
event within the central nervous system, either one associated with drug abuse or any other
neuroimmune pathology. However, several agents are in various stages of development. The
relative success of cognitive based therapy in treating drug addiction is intriguing. Has the
“talk and thought ” based therapy altered the hedonic and anhedonic neurocircuitry thereby
breaking the maladaptive rewarding association with drugs of abuse? Or has the therapy
strengthened other life skill coping mechanisms providing an alterative outlet other than
drug abuse? Whilst not the focus of our research, a significant psychoneuroimmunology
based literature of therapy modulation of immune function has developed. Could it be that
“talk and thought ” based therapies have activity, at least in part due to their influence on
brain-to-immune and immune-to-brain communication? This is a fascinating as yet
unexplored hypothesis.

As we are still at the infancy of drug development pipelines, especially when examining the
treatment of drug addiction it is opportune to raise several key questions. What should a new
drug target and pharmacodynamically achieve if it were to intervene in this central immune
signaling process associated with drug reward? Pan blockade of glial activation? Create an
anti-inflammatory environment within the central nervous system, thus reducing active or
limiting subsequent proinflammatory signals? Specifically target a key secondary signaling
kinase(s)? Block a proinflammatory protein receptor or neutralize the molecule before it can
act? Block the initial detection step the immune response? Should it be an antagonist,
agonist, partial agonist or inverse agonist? Will it be able to reverse an established central
immune signaling event and hence an established drug addiction? If multiple drugs of abuse
are shown to rely on central immune signaling to produce their pharmacodynamic response
should a pharmacological therapy be specific for a particular drug of abuse or capable of
blocking multiple drugs of abuse?

Our preclinical investigations, and those of our peers, have focused on several
pharmacological agents that have been opportunistically identified historically to have the
right pharmacokinetic and pharmacodynamic profiles to attenuate, or block, various forms
of central immune signaling. These include the exploitation of the anti-inflammatory
properties of minocycline, propentofylline and more recently, ibudilast. In the cases where
bioavailability issues, owing to hindrances such as the impermeability of the blood brain
barrier, direct central administration has been employed. However, when looking to the
future clinical application of pharmacotherapies and imagining the perfect drug to counter
addiction a different profile immerges.
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Oral bioavailability would be beneficial, with the option of sufficient functional potency to
allow for the application of indwelling long-term delivery methods, such as subcutaneous
rods or pellets to aid compliance in the traditionally non-compliant or treatment mandated
populations. The drug’s pharmacokinetics would need to be sufficient to allow for once or at
most twice daily administration, again to aid in the compliance of treatment. The best
precise pharmacological target requires gazing into an as yet still cloudy crystal ball. Pan
blockade of all glial functions, as occurs with glial metabolic inhibitors, is not plausible as
this would produce catastrophic seizures owing to loss of homeostatic glial functions
(Watkins and Maier, 2003). Pan blockade of glial activation, per seis not specific enough,
as such activation may be beneficial in an anti-inflammatory or pro-inflammatory direction.
Pro-inflammatory blockade by either neutralization of proinflammatory cytokine
mechanisms or intracellular cascades may have unwanted off target consequences, as central
immune signaling in all its diversity plays key roles in a myriad of normal health central
nervous system functions. Creation of an anti-inflammatory environment within the central
nervous system may be beneficial, but how would one direct this to the nuclei most in need
for altering drug reward behaviors? No, in the case of opioids, we believe the best target to
pharmacologically block lies at the first step of the central immune response, TLR4. The
long-term safety consequences of such a treatment are unclear, but seem less harmful than
the likely immunosuppression implications of pan blockade of immune responses generally
or inhibition of pan monocyte-like cell function. In this case it is fortuitous that TLRs are
evolutionarily and old system, thus much redundancy has been built around them. In fact, a
significant portion of the population has a genetic deficiencies in TLR4 rendering them with
diminished responsiveness, and yet these individuals thrive (eg Koch et al., (2011)).
However, the association of similar genetic polymorphisms in drug abuse has yet to be
examined.

To this end we have capitalized on our discovery that the (+)-isomers of opioid receptor
antagonists, such as (+)-naloxone and (+)-naltrexone, which we have characterized as
functional antagonists of the MD2/TLR4 activity of opioid ligands. Critically, (+)-isomers
have little to no opioid receptor activity owing to the stereoselectivity of neuronal opioid
receptors. To date we have established that (+)-naloxone and (+)-naltrexone are capable of
the range of anti-opioid reward and dependence characteristics outlined previously, and yet
maintain and in some cases potentiate acute beneficial opioid analgesia. These
characteristics of reducing abuse liability of opioids whilst potentiating their indicated
clinical utility suggest formulations of existing opioids with such drugs could beneficially
impact the clinical safety and efficacy of the existing repertoire of opioid agonists.

An alternative future approach would be to design an opioid that either lacks TLR4 activity
or actively blocks it in the one molecule. Interestingly, a novel opioid agonist, PTI-609,
developed by Pain Therapeutics (Burns and Wang, 2010), that combines filamin A inhibitor
functions and is also capable of reduced TLR4 signaling has been found in animal models to
engender limited conditioned place preference, whilst maintaining opioid analgesia.
Collectively, these are key data demonstrating that the beneficial analgesic actions of
opioids can be separated from the unwanted rewarding properties, by either co-
administration of glial-targeted activation inhibitors or rationale drug design to avoid
xenobiotic-induced activation of central immune signaling. Further refinement of these
approach promises great things in the efforts for improved drug abuse treatment and
avoiding drug abuse liability of clinically diverted agents.

10. What does “glial activation” actually mean?

At this juncture, it is appropriate to note that the phrase “glial activation”, one which we
have used on numerous occasions, is no longer sufficiently specific enough to render it
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useful in describing the responses of the immunocompetent cells of the central nervous
system. Nor is it sufficient to class glially targeted drugs as glial activation inhibitors or
attenuators. Rather we propose the use of the phrase “central immune signaling” in the
future. The reason for this change is terminology is that it is quite apparent that whilst glia
are the predominant and classically held immune-like cells of the central nervous system,
who are the probable sources of many central immune signals, they are by no means the
only origins of these signals, hor may they be the key population that affects a
pharmacodynamic response. There is evidence that nearly every cell of the central nervous
system, either resident like neurons, oligodendrocytes and blood brain barrier endothelial
cells, or transient populations such as migrating peripheral immune cells are all capable of
contributing and modifying this central immune signal. Also residing at the heart of this
change in terminology is the acknowledgment that whilst glia are the new kids on the block
and disserve scrutiny, the established neuronal networks must be tested for their non-
classical immune signaling contributions to the proinflammatory hypothesis of drug
addiction and other neuroimmune related pathologies.

11. Viewing addiction through Neuroimmunopharmacology tinted glasses:
what does the future hold?

“Very lame and imperfect theories are sufficient to suggest useful experiments
which serve to correct those theories and give birth to others more perfect. These,
then occasion farther experiments which bring us still nearer to the truth; and in this
method of approximation we must be content to proceed, and we ought to think
ourselves happy if, in this slow method, we make any real progress”.

Joseph Priestley (1733-1804)

The discoveries and their associated hypotheses outlined here for the proinflammatory
hypothesis of addiction have been built on the established wealth of addiction neuroscience,
with a touch of re-examination and re-experimentation. However, as beautifully put by
Priestley, even the hypotheses here are imperfect and require further refinement and
sharpening. Nevertheless, the groundswell of supporting evidence for further
Neuroimmunopharmacological investigations into drug addiction mechanisms is immense.

In order to capitalize on these exciting developments, predominantly in the preclinical
domain, every effort should be made to translate them to the clinical setting. The
development, testing and approval of new central immune signaling targeted
pharmacotherapies is a key step in causally implicating these hypothesized mechanisms in
drug reward and abuse, and therefore moving forward to more efficacious treatments. Less
expensive and mechanistically critical studies to characterize immunological predispositions
to drug abuse should also be examined, such as the immunogenetic differences between
drug abuse and healthy populations.

Examination of the full clinical landscape of drug dependent populations and those at high
risk of drug abuse should be fully assessed in the future for factors that may be associated
with enhanced central immune signaling. For example, exciting developments in examining
early life stressors that trigger later life drug abuse propensity have begun to mechanistically
implicate central immune signaling (Schwarz and Bilbo, 2013; Schwarz et al., 2011), and
can be reversed by immune targeted pharmacological interventions. Another example would
be to minimize or eliminate chronic peripheral inflammation that may facilitate detrimental
drug-reward enhancing central immune signaling. Liver damage, associated with a life of
substance abuse, left untreated during an addiction treatment regimen may maintain central
immune signaling patterns in their drug abuse primed states. Our recent clinical work
developing a novel clinical neuroimmune model of pain by combining intravenous
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endotoxin and intradermal capsaicin (Hutchinson et al., 2013) demonstrates that modeling of
these complex neuroimmune interactions is possible in healthy volunteer patients. Many
other such systems level changes may prove cumulatively beneficial in normalizing
peripheral immunology thus minimizing the detrimental impact of central immune signals
and their action in drug abuse.

On the flip side of our efforts to understand the mechanisms of drug reward and addiction
that lead to drug abuse, we need to be mindful of the efforts by some to increase the
rewarding actions of existing and novel drugs of abuse through targeting these central
immune system signaling pathways. As we have yet to fully appreciate the complexity of
this multi system response this concern is not on our horizon, but legislative efforts should
be at the ready to intervene and to provide the disincentives to parties who may wish to
exploit this route.

In closing, appreciating the existence and impact of xenobiotic-induced central immune
signaling combined with the established knowledge of neuronal actions of drug of abuse is
key to fully appreciate the complete pharmacodynamic actions of multiple drugs of abuse.
Whilst our research to date has focused extensively on opioids, glimpses of data suggest this
area could be a hot bed of activity for multiple drugs of abuse. We hope in the near future
that such an appreciation has a meaningful impact on avoiding drug addiction the treatment
of dependent populations.
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Figure 1. Hypothesized central immune signaling contributionsto opioid reward

a) The classic view of opioid reward suggests that opioids bind to neuronal opioid receptors
resulting in the eventual activation of the cortico-mesolimbic-dopamine reward pathway and
the presentation of associated reward behaviors. In this model, glia, such as astrocytes and
microglia, are not accounted for, beyond their homeostatic roles.

b) The recent appreciation of non-neuronal actions of opioids and opioid-induced
proinflammatory glial activation necessitates additions to the solely neuronal hypotheses of
opioid reward. The wealth of information of neuronal signaling and adaptations that occurs
following opioid exposure and neuronal opioid receptor activation can now be
complimented by the parallel TLR4-dependent activation of central immune signaling, and
alteration of neuronal excitability due to a collection of opioid-TLR4 dependent glial
adaptations. Collectively, the neuronal opioid receptor-dependent and complementary
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opioid-TLR4 dependent mechanisms produce a heightened opioid reward signal and ensuing
presentation of altered behavior.
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