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Abstract

There is growing recognition that glial proinflammatory activation importantly contributes to the
rewarding and reinforcing effects of a variety of drugs of abuse, including cocaine,
methamphetamine, opioids, and alcohol. It has recently been proposed that glia are recognizing,
and becoming activated by, such drugs as a CNS immunological response to these agents being
xenobiotics; that is, substances foreign to the brain. Activation of glia, primarily microglia, by
various drugs of abuse occurs via toll like receptor 4 (TLR4). The detection of such xenobiotics by
TLR4 results in the release of glial neuroexcitatory and neurotoxic substances. These glial
products of TLR4 activation enhance neuronal excitability within brain reward circuitry, thereby
enhancing their rewarding and reinforcing effects. Indeed, selective pharmacological blockade of
TLR4 activation, such as with the non-opioid TLR4 antagonist (+)-naltrexone, suppresses a
number of indices of drug reward/reinforcement. These include: conditioned place preference,
self-administration, drug-primed reinstatement, incubation of craving, and elevations of nucleus
accumbens shell dopamine. Notably, TLR4 blockade fails to alter self-administration of food,
indicative of a selective effect on drugs of abuse. Genetic disruption of TLR4 signaling
recapitulates the effects of pharmacological TLR4 blockade, providing converging lines of
evidence of a central importance of TLR4. Taken together, multiple lines of evidence converge to
raise TLR4 as a promising therapeutic target for drug abuse.
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Historically, neurons have been a primary focus of studies of the mechanistic underpinnings
of drug abuse. While tremendous strides have been made by this approach, new players in
drug abuse have emerged in recent years. These new players are non-neuronal cells called
glia; namely, microglia and astrocytes [2]. This mini-review will summarize the history that
led to glia becoming recognized as important contributors to drug abuse. In addition,
background will be presented as to how a key glial activation receptor, Toll-like receptor 4
(TLR4), came to the forefront as a candidate non-neuronal therapeutic target for drug abuse.
Alcohol, opioids, and psychostimulants will be used as exemplars as to how a focus on
TLR4 can be productively exploited for understanding the importance of glial
proinflammatory reactivity to drug abuse. Finally, a discussion of paths forward will be
explored as they relate to how best to build these recent findings to optimize drug
development.

How did a focus on TLR4 arise?

The discovery of a role of glial reactivity in drug abuse was preceded by about 2 decades by
the recognition of its role in the creation and maintenance of pathological pain states,
including neuropathic pain [3]. Transition of spinal glia into a reactive state in response to
bodily injury was documented to drive pathological pain states via the activation of the
oxidation sensitive transcription factor nuclear factor kappa B (NFxB) and the release of a
host of neuroexcitatory products from spinal glia, including the proinflammatory cytokine
interleukin-1beta (IL-1pB), nitric oxide, superoxide, etc. [3]. As a result of trauma-induced
glial reactivity, direct excitation of neurons occurs along with enhancement of
neurotransmitter release from presynaptic terminals, downregulation of glutamate
transporters, upregulation of NMDA and AMPA receptor numbers and function,
downregulation of GABA, and a variety of associated changes all in the direction of
enhanced neuronal excitability. As is already evident, an amplification of abuse potential
could be readily envisioned were such a pattern of changes to occur in response to drugs of
abuse within brain regions mediating reward/reinforcement.

Following acceptance of the importance of glial reactivity in neuropathic pain, exploration
of a potential role of glial reactivity in opioid tolerance followed, based on known
parallelisms between these two phenomena [4]. With the confirmation that glial reactivity
and the same cast of neuroinflammatory products indeed contributed to opioid tolerance [5,
6], the net was cast more broadly leading to the discovery that suppressing glial activation by
a variety of drugs led to an enhancement of opioid analgesia and suppression of signs of
opioid dependence such as tolerance and withdrawal [7, 8].

Early work established that chronic morphine increased the glial cell marker, glial fibrillary
acidic protein, in the ventral tegmental area, an effect that was inhibited by naltrexone [9]. It
was later discovered that opioid effects on glial activation were non-stereoselective [7, 10].
That is, both (+)- and (-)-morphine activated glia [10, 11], and both (+)- and (-)-naloxone
and naltrexone inhibited activation of glia by morphine [10], and trauma [12]. These
observations were critical as this mandated that whatever the (as yet unknown) receptor was
on glia, it could not be classical opioid receptors, which are strictly (-)-isomer selective.
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This demonstration of non-stereoselectivity was pivotal in that it began the search for an
explanation of effects on glia beyond classical opioid receptors. This, in turn, led to the
discovery that opioids activate glia via TLR4 and its critical co-receptor myeloid
differentiation factor 2 (MD2) [10, 13]. Evidence has since accrued suggesting that alcohol
and cocaine produce glial activation through TLR4/MD2 mechanisms as well [14, 15].

The discovery that TLR4/MD?2 recognized, and became activated by, diverse drugs of abuse
led to the Xenobiotic hypothesis [11, 16]. This hypothesis rests on the fact that the blood
brain barrier ensures that few substances from the blood can enter the brain. Notable
exceptions to this are many drugs of abuse such as opioids, cocaine and alcohol that all
readily cross from blood to brain. As these are “foreign” from an immunological
perspective, they can be considered as Xenobiotics; that is, foreign chemical substances
found within an organism that is not normally produced by, or expected to be present with,
that organism. Foreign substances within the brain are prime for recognition by the brain’s
immune system, namely glia, via receptors such as TLR4/MD?2 that are specifically tuned to
detect foreign and dangerous challenges (Figure 1). Importantly, evidence from classical
immunology suggests that MD2 engagement with TLR4 is fundamental to producing an
active signaling complex when activated by classical pathogen associated molecular patterns
(PAMPs) such as LPS [17]. Available data for xenobiotics indicates a similar TLR4/MD2
complex requirement.

While glial/immune recognition of xenobiotics via TLR4 makes inherent sense, how was the
link to inhibition by naloxone and naltrexone discovered? This first arose over 30 years ago
through the recognition that naloxone and naltrexone could block effects of
lipopolysaccharide (LPS, component of endotoxin from the cell walls of gram negative
bacteria) [18, 19], now considered as a prototypic TLR4 agonist. Interestingly, recognition
that naloxone/naltrexone blocked LPS effects pre-dated the 1998 discovery of TLR4 by
close to two decades [20, 21]. Hence a sizable literature on blockade of LPS effects by
naloxone and naltrexone makes no mention of TLR4, as it had not yet been discovered. The
evidence of naloxone/naltrexone blockade of LPS effects is now quite far-reaching including
excitatory post-synaptic potentials [22], seizures [23, 24], microglial activation [25-27],
proinflammatory cytokines [25, 28], nitric oxide and superoxide [29, 30], neurotoxicity and
neurodegeneration [31-34], hepatitis [35], septic shock [36, 37], hormone release [38], fever
[39], pain [40], reduction in morphine analgesia [41, 42], and so on. Even when (+)-isomers
of naloxone and naltrexone are employed to prevent possible influence of opioid receptors,
there is suppression of LPS-induced proinflammatory responses [34, 43], LPS-induced
excitotoxic death of dopamine neurons [33, 34]; suppression of neuropathic pain [12, 44];
potentiation of opioid analgesia [10, 45]); and decreased opioid-induced withdrawal,
tolerance, hyperalgesia and constipation [2, 7, 10, 40]. Highlighted below are several lines of
evidence using pharmacological and genetic approaches to demonstrate the role of
TLR4/MD2 complex on microglia in regulating the responsiveness to drugs of abuse from
different drug classes.
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Role of TLR4 in drugs of abuse

The neurobiology of the acute and chronic effects of drugs of abuse has been heavily
investigated over the past several decades. It has become clear that drugs of abuse from
different drug classes interact with the mesocorticolimbic dopamine system contributing to
their acute reinforcing effects [46]. Chronic administration of drugs of abuse produces
perturbations within this and other circuitries, culminating in withdrawal-induced anhedonia,
increased impulsivity and an enduring susceptibility to relapse [47]. The focus of these
studies has largely pertained to the ability of drugs of abuse to interact with neuronal sites of
action such as alcohol’s interaction with GABA and glutamate receptor systems, opioid
drugs’ stimulation of opioid receptors, and psychostimulant-induced alterations of the
function of dopamine transporters. As described above, there has been increased interest in
exploring non-neuronal mechanisms of drug actions. Research has begun to identify how
non-neuronal mechanisms contribute to the acute effects of abused drugs and how these
mechanisms may contribute to the dysregulation of neuronal systems that contribute to the
lasting effects. Evidence from several drug classes suggests that microglia expressing the
TLR4/MD2 complex may provide a potential mechanism by which non-neuronal cells could
identify drugs of abuse. From an immunological perspective, drugs of abuse may be
identified as “foreign” and initiate an innate immune response in the brain reflected through
the release of proinflammatory substances (e.g. cytokines, chemokines, etc) and an
upregulation of cell surface markers (e.g. CD11b). Despite the increased appreciation that
several drugs of abuse initiate these immune responses, there are remaining questions of
whether this mechanism provides a common mechanism for other classes and types of
abused and non-abused drugs. Importantly, additional questions also relate to how immune
signaling in the brain synergize with known neuronal mechanisms of drug action and the
resulting behaviors that are associated with the development of drug abuse. Here, we will
highlight recent findings describing how three commonly abused drugs (e.g. alcohol,
opioids, and psychostimulants) interact to initiate an innate immune response and the
potential behavioral manifestations of this response.

Alcohol

Alcohol potently activates a series of events that can be linked to the activation of microglia
and immune signaling. Acute alcohol administration increases NFxB-DNA binding in the
brain and initiates an increase in the transcription of NFxB target genes including the
proinflammatory cytokines, IL-1B, IL-6, and TNFa [48, 49]. These acute alcohol actions
are initiated by alcohol interactions at TLR4 [50]. Chronic alcohol and the resulting
continued activation of the TLR4/MD2-induced NF«xB are thought to contribute to alcohol-
induced neurodegeneration. Although there is little work explicitly exploring the functional
contribution of the TLR4/MD?2 activation by alcohol using behavioral models, a few studies
suggest that TLR4/MD2 activation may play a role in alcohol sensitivity measures and
reward. Administration of the non-selective phosphodiesterase inhibitor and global microglia
inhibitor, ibudilast, reduces alcohol drinking in several established high alcohol-consuming
rodent lines [51]. The C3H/HeJ mouse strain possesses a TLR4 point mutation that can
disrupt TLR4 signaling. Interestingly, these mice show very low alcohol preference and
consumption using a two-bottle choice paradigm of alcohol drinking [52]. Similarly, TLR4
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and MyD88 knockout animals have reduced alcohol-induced sedation and motor
impairments compared to control animals [53]. An equivalent reduction in these effects is
also observed using the pharmacological TLR4 inhibitor, (+)-naloxone. These findings
suggest that both acute and chronic alcohol activate the microglial TLR4/MD2 complex and
that this activation may contribute to the subjective effects of alcohol administration.

Opioids, such as morphine and remifentanil, have been experientially demonstrated to bind
to MD2 [13, 14, 45, 54, 55] and activate TLR4 signaling [56]. Some of the first evidence for
a role of glial cells in opiate reward came from studies in which astrocyte-conditioned
medium containing a complement of pro-inflammatory cytokines and chemokines was
injected into the nucleus accumbens [57]. This enhances the development of conditioned
place preference to morphine. Recently, it has been established that opioid interactions with
the TLR4/MD2 complex (Figure 1) also potently contribute to opioid actions within the
brain’s reward system to potentially influence the development of substance abuse [45].
Thus, TLR4 knockout animals show impaired development of conditioned place preference
to morphine and oxycodone. Likewise, the pharmacological TLR4 inhibitor, (+)-naloxone,
not only impairs the development of morphine conditioned place preference and self-
administration of remifentanil, but also abolishes the ability of morphine to produce
dopamine elevations in the nucleus accumbens. These findings reflect the importance of
opioid actions at the TLR4/MD2 complex for the acute reinforcing effects of opioids. Other
recent evidence illustrates the importance of the TLR4/MD2 complex in the development of
tolerance and withdrawal [58, 59]. Lastly, chronic antagonism of the TLR4/MD2 complex
during withdrawal impairs the incubation of heroin craving that occurs after prolonged
withdrawal [60]. Together, these findings suggest that opioid actions at the microglial
TLR4/MD2 complex initiates proinflammatory signaling that powerfully contributes to
many behavioral indices contributing to the development of opioid dependence.

This TLR4 stimulatory effect of opioids on microglia may, at first glance, seem contrary to
the well-established literature on immunosuppressant effects of morphine and other opioids.
Opioids can suppress immune cell functions involved in delayed type hypersensitivity,
lymphocyte proliferation, natural killer cell cytotoxicity, antibody production, phagocytic
function, immune chemotaxis and recruitment across blood vessels, induce lymphoid organ
atrophy, and diminish T-cell CD+/CD8+ ratios [61, 62]. Notably, when one considers
immune cell types within the reported immunosuppressive effects, what one finds is that
many of the immunosuppressant effects of opioids are on T-cells, neutrophils, and mast
cells. That is, a large portion of the literature arises from immune cells other than
macrophages, the peripheral immune cell type with the closest functional relationship to
microglia. Reports of opioid effects on macrophages are mixed as to direction of effect and
the basis of these conflicting reports is unknown [61, 62]. However, morphine has been
reported to increase LPS-induced expression of IL-6 and TNFa through the NFkB pathway
[61, 62]. Likewise, macrophage nitric oxide, superoxide and proinflammatory cytokine
production are enhanced by morphine under both basal and LPS-activated states [61, 62].
Thus, it appears that the effects of opioids on microglia and macrophages may be distinct
from other immune cell types that display immunosuppressant effects.
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Psychostimulants

There are many indications that psychostimulant drugs such as cocaine and
methamphetamine initiate immune signaling and the TLR4/MD2 complex plays a prominent
role (Figure 2). One of the first illustrations of increased immune response in the brain and
microglial activation was shown with the administration of methamphetamine [63, 64].

Here, high doses of methamphetamine produce enhanced NFxB-DNA binding and induction
of proinflammatory cytokine gene expression. Subsequent post-hoc analysis of publicly
available databases illustrate that many more proinflammatory genes are upregulated upon
psychostimulant administration [65]. It is becoming clear that psychostimulants activate
microglia and this powerfully contributes to the behavioral effects of psychostimulant drugs.
Thus, microglial inhibitors, ibudilast and sulforaphane, reduce cocaine-induced dopamine
release and conditioned place preference [14], and suppress methamphetamine self-
administration, locomotion, sensitization, and relapse [66-68]. While there is some
indication that these effects are produced through psychostimulant actions at sigmal-
receptors [69], there is emerging support for psychostimulant-induced activation of the
TLR4/MD2 complex on microglial cells [14]. Recent evidence shows that cocaine [14] and
methamphetamine (Wang et al., unpublished observations) each competitively binds to MD2
(Figure 1). Further, psychostimulant administration increases the expression of NFxB in
isolated microglia [14, 70], an effect dependent on the activation of the TLR4/MD2 complex
[14]. There is also support for a role of the TLR4/MD2 complex in the behavioral effects of
cocaine (Figure 2). Pharmacological inhibition of the TLR4/MD2 complex impairs the
ability of cocaine to elevate dopamine in the nucleus accumbens, disrupts the development
of conditioned place preference and reduces the self-administration of cocaine [14]. Genetic
models of disrupted TLR4 function also show reduced cocaine-induced locomotion and
impairments in cocaine self-administration [14, 71]. Furthermore, there is support for a role
of the TLR4/MD2 complex in cocaine relapse as cocaine-primed reinstatement is
diminished by inhibiting immune signaling initiated by the TLR4/MD?2 pro-inflammatory
pathways (unpublished observations, RKB et al.). Interestingly, inhibition of the TLR4/MD2
complex during withdrawal did not reduce the incubation of craving as was shown for heroin
suggesting that there may be differences in the regulation of this phenomenon between drug
classes [60]. Nonetheless, these findings cumulatively suggest that microglial activation
through the TLR4/MD2 complex is very influential in the behavioral responsiveness of
psychostimulants.

Implications for clinical translation

There are currently no approved pharmacotherapies on the market that target the brain’s
immune system for the treatment of substance abuse. The ability to generate
pharmacotherapies is critical not only to evaluate the xenobiotic hypothesis, but to also
identify whether candidate drugs could be used clinically for substance abuse. This is a
necessary, but very challenging next step. Specifically, it is difficult to evaluate whether
pharmacotherapies should act as global microglial inhibitors, inhibitors of the TLR4/MD2
complex, or inhibit specific proinflammatory markers (i.e. interleukin 1, interleukin 6, etc).
Many of the currently available blood-brain barrier permeable microglia inhibitors are
notoriously non-selective and have a plethora of off-target effects. It is not entirely clear
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whether microglia inhibitors would also impair normal, beneficial anti-inflammatory and
pro-inflammatory signals upon other immune challenges. Likewise, inhibition of
proinflammatory mediators could also impair normal immune function to all immune
challenges and many currently available inhibitors do not penetrate the blood brain barrier.
Thus, one may argue that targeting the site of drug action at the TLR4/MD2 complex may be
the best approach.

To date, evidence suggests that the blood-brain permeable TLR4 antagonists, (+)-naloxone
and (+)-naltrexone, are striking in their breadth of clinically relevant effects on drug abuse.
In vitro cell studies show (+)-naltrexone and (+)-naloxone are TRIF-IRF3 axis biased TLR4
antagonists and block TLR4 signaling pathways leading to NO, TNF-a and ROS (Wang et
al., unpublished observations). In considering their translation potential, a first question that
arises is the selectivity of these compounds for TLR4 versus potential off-target effects.
NovaScreen assays of ~70 neurotransmitter and peptide receptors, growth factor/hormone
receptors, ion channels, second messengers, and enzymes revealed no effects on these
analytes, nor were there binding or functional effects on transporters for serotonin,
norepinephrine, or dopamine [45]. While there is evidence for (+)-naloxone and/or (+)-
naltrexone as inhibitors of gp91-phox [29] and Filamin A [72], the fact that diverse TLR4
antagonists and TLR4 knockout/mutant strains recapitulate the effects of (+)-naloxone and
(+)-naltrexone suggest that TLR4 is likely the predominant target rather than gp91-phox,
Filamin A, or other yet to be discovered off-target effects.

Another issue to consider in developing (+)-naltrexone or similar compounds for clinical
trial is that (+)-naltrexone has a far lower affinity for TLR4/MD2 than does LPS [54]. While
this may be viewed as a negative feature of (+)-naltrexone, the upside is that it would
provide a measure of protection under conditions of bacterial infection, as LPS could out
compete (+)-naltrexone for TLR4 on immune cells that would normally be activated for host
protection in response to LPS. Studies of TLR4/MD2 with (+)-naltrexone indicate that it has
comparable affinity to drugs of abuse and endogenous danger signals [13, 14, 45, 54, 55]
Equivalent affinities between these compounds would be predicted to bode well for
translation of (+)-naltrexone or similar compound for targeted use in the treatment of drug
abuse and chronic pain.

A final issue is a practical one for drug development. Namely, what is the appropriate /n
vitro method for screening compounds to identify drug candidates that target TLR4? We
initially used commercially available human embryonic kidney-293 (HEK293) cells that
were stably transfected by Invivogen to over-express human TLR4 (hTLR4), MD2, and
CD14. This cell line was commercially generated to provide a human relevant (i.e.,
expressing human TLR4), sensitive measure of endotoxin contamination in test samples,
given the potent signaling of LPS through NFxB/AP-1 downstream of TLR4. This HEK293
cell line is engineered to signal TLR4 activation so/ely via NFxB/AP-1 activation, leading to
the production of a reporter protein. However, given the instability in the HEK293-TLR4
cell line that arose over time, we have abandoned it in favor of several other approaches. For
example, BV-2 microglia allow the study of effects on NFxB/AP-1 leading to IL-1p, NFkB/
IRF3 leading to TNFa, and TRIF/IRF3 leading to nitric oxide and interferon-beta [54] This
is important as TLR4 agonists and antagonists can exert biased effects; that is, they can
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signal or block signaling in select downstream pathways. Hence interrogating TLR4
signaling via HEK?293 cells that report only via NFKB/AP-1 provides at best incomplete
answers for issues of critical importance to drug development. Indeed, these more recent
screens reveal that (+)-naloxone and (+)-naltrexone predominantly block the activation of
TLR4 intracellular pathways other than NFkB [54].

We describe an emerging story in which drugs of abuse produce a neuroinflammatory
response in the brain via the activation of a specific ancient receipt on at least microglia,
called TLR4. We propose that TLR4 recognizes and is activated by drugs of abuse as
xenobiotics. The TLR4/MD2 complex not only plays a central role in the initiation of this
response but it is also positioned to create heightened glial reactivity upon chronic drug use
that perpetuates innate immune responses potentially contributing to the development of
drug dependence. It is essential to seize this enhanced understanding of the ability of drugs
of abuse to enhance immune reactivity in the brain by identifying novel strategies to target
the TLR4/MD2 complex. The ability of (+)-naloxone and (+)-naltrexone to inhibit the
TLR4/MD2 complex has been exploited in several basic science and preclinical animal
models of drug abuse. The findings of these studies largely demonstrate the significant
contribution of TLR4-induced microglial reactivity on behavioral manifestations of drug
dependence. It will be important to consider whether these compounds should be moved
forward for testing and approval in clinical settings, or whether new TLR4-based
pharmacotherapies are developed and testing for effectiveness. Regardless, it is essential to
appreciate and consider the important impact that central immune signaling has on the
initiation and development of drug abuse and that this information can be used to guide
future treatment approaches.
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List of abbreviations

CDi14 cluster determinant 14, a protein of the TLR4 signaling
complex

HEK?293-hTLR4 human embryonic kidney-293 cells expressing human toll
like receptor 4

IL-1B interleukin-1beta

HMGB1 high mobility group box 1, an endogenous danger signal

LPS lipopolysaccharide

MD2 myeloid differentiation 2

NAc nucleus accumbens shell
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NFxB nuclear factor-kappa B
TLR4 toll like receptor 4
VTA ventral tegmental area
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A. Cocaine docking in MD2  B. Morphine docking in MD2

Figure 1.
Computer modeling of cocaine and morphine interactions with MD2, whose

heterodimerization with TLR4 initiates TLR4 signaling. /n silico docking simulation used
the high resolution crystalline structure of the dimer of human TLR4 and MD2, and the
software suite AutoDock 4. All dockings were executed with Lamarkian genetic algorithms
(for details see [43]). Lipopolysaccharide (LPS) is a classical TLR4 agonist known to
preferentially dock in a specific binding pocket of MD2. This docking location of LPS is
illustrated as the red cloud. Docking of cocaine (chemical structure embedded within the red
cloud, Panel A) and morphine (chemical structure embedded within the red cloud, Panel B)
were discovered to overlap the docking location of LPS within MD2. Pre-docking of (+)-
naltrexone disrupted the preferred binding sites of cocaine and morphine, leading to their
docking to be displaced to regions outside of the LPS binding pocket (black chemical
structures outside the red cloud, Panel A for cocaine, Panel B for morphine). For
visualization on the hypothesized heterodimerization tertiary structure of the TLR4/MD2
complex see [1].
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Figure 2.

Classically, dopaminergic neurons and glia within the reward neurocircuitry are thought to
form parallel relationships with minimal inter-communication. However, a growing body of
evidence demonstrates that the tripartite and tetrapartite synapse structures facilitate
neuronal-glial connections and enables glial driven behavioral adaptations following drug
exposure. For example, cocaine exposure causes dual neuronal dopamine transporter and
glial Toll-like receptor 4 actions, creating a complex dopamine and cytokine dependent
heightened rewarding response. Viewing cocaine pharmacology from this glial-neuronal
vantage point provides opportunities to investigate glial sensitive stimuli as primers for
cocaine and other drugs of abuse actions.
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