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This review will introduce the concept of toll-like receptor (TLR)-mediated glial activation
as central to all of the following: neuropathic pain, compromised acute opioid analgesia,
and unwanted opioid side effects (tolerance, dependence, and reward). Attenuation of
glial activation has previously been demonstrated both to alleviate exaggerated pain
states induced by experimental pain models and to reduce the development of opioid
tolerance. Here we demonstrate that selective acute antagonism of TLR4 results in
reversal of neuropathic pain as well as potentiation of opioid analgesia. Attenuating
central nervous system glial activation was also found to reduce the development of
opioid dependence, and opioid reward at a behavioral (conditioned place preference) and
neurochemical (nucleus accumbens microdialysis of morphine-induced elevations in
dopamine) level of analysis. Moreover, a novel antagonism of TLR4 by (+)- and (-)-isomer
opioid antagonists has now been characterized, and both antiallodynic and morphine
analgesia potentiating activity shown. Opioid agonists were found to also possess TLR4
agonistic activity, predictive of glial activation. Targeting glial activation is a novel and as
yet clinically unexploited method for treatment of neuropathic pain. Moreover, these data
indicate that attenuation of glial activation, by general or selective TLR antagonistic
mechanisms, may also be a clinical method for separating the beneficial (analgesia) and
unwanted (tolerance, dependence, and reward) actions of opioids, thereby improving the
safety and efficacy of their use.
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INTRODUCTION

The pharmacology and treatment of pain has a very long and tumultuous history. Since the infancy of the
use of opium poppy extracts to treat pain around 3500 BC, the search for treatments that provide effective
relief from acute and chronic pain has continued to grow at an extraordinary rate. Today, pain still
remains a significant public health issue, with two-thirds of patients achieving little to no pain relief from
the myriad of currently available pharmacotherapies and dosing regimens[1,2,3,4]. The use of opioid
pharmacotherapies produces several rewarding and reinforcing side effects, which result in the drugs’
diversion to abuse settings. Unfortunately, a significant side effect in attempting to improve pain patients’
quality of life is that some become dependent to the treatments that were prescribed to help them. In
recent years, the misuse of opioids has risen drastically[5,6], leaving doctors and patients hesitant to treat
pain to the fullest extent[6]. Why is pain still unsuccessfully treated five and a half millennia since opioids
were first used as a treatment?

The aim of this review is to highlight that, as researchers and clinicians, we have focused principally
on neuronal mechanisms of pain and analgesia, ignoring other potentially powerful modulators of
nociception. Three theoretical conclusions have been made that narrowed our understanding of pain
processes by limiting how we approached pain research. First, owing to the pain transmission capacity of
neurons, these cells have been the primary intentional target of all pharmacotherapies developed to date.
Second, it has been concluded that opioids modulate pain solely by acting at neuronal opioid receptors
and that opioid antagonists likewise exert their effects solely on neurons. Finally, it is believed that the
detrimental (tolerance, hyperalgesia, dependence, and reward) and beneficial (analgesia, cough
suppressant) actions of opioids are mediated via very similar and potentially inseparable mechanisms
reliant on neuronal opioid receptors.

Here we will demonstrate, by synthesis of prior literature along with new experimental data, that
the immunocompetent cells of the central nervous system (glia), their receptors, and their secreted
signaling factors are pivotal to a more complete understanding of pain processing and opioid
pharmacodynamics. These discoveries have been made by challenging the three historical assumptions
mentioned above.

Regarding the first conclusion, glia now have a well-established role in initiating and maintaining
increased nociception in response to peripheral nerve injury. More recently, several laboratories have
documented that glia can powerfully modulate the analgesic actions of chronically administered
opioids[7,8,9,10,11]. Based on such studies, the pharmacological targeting of glia, rather than solely
neurons, will be shown to be a novel and as yet clinically unexploited approach for potentially achieving
both effective pain control and enhanced efficacy of opioids.

Regarding the second conclusion, we have recently discovered that opioids cause direct glial
activation in a nonclassical opioid receptor fashion, via opioid-induced activation of a class of pattern
recognition receptors termed toll-like receptors (TLRs)[12]. Intriguingly, in parallel studies, TLRs have
been demonstrated to be essential to neuropathic pain states as well[13,14]. Data will be presented here
that demonstrate that antagonizing TLRs not only reverses neuropathic pain, but also potentiates
morphine analgesia. Finally, regarding the last conclusion, the sum of these discoveries has enabled the
molecular separation of the beneficial (classical neuronal opioid receptor-mediated analgesia) and
detrimental (glially mediated side effects) actions of opioids.

In the sections to follow, we will first briefly review the role of glia in neuropathic pain. This will be
followed by a discussion of more recent evidence indicating that glia are activated in response to opioids
and the implications that this opioid-induced glial activation has for analgesia, tolerance, dependence, and
reward. Finally, the implications that such glial activation may have for developing novel therapeutic
targets will be described, including the novel application of TLR antagonists.
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GLIA AND NEUROPATHIC PAIN

Traditionally, glia (astrocytes and microglia) were viewed as structural supports for neurons and
important for maintaining central nervous system (CNS) homeostasis. Glia were long overlooked in pain
research due to their lack of axons and their yet-to-be-discovered roles in cell-to-cell communication[15].
While the roles of CNS glia in providing immune surveillance, clearance of debris, and regulation of ionic
and chemical composition of the extracellular space have been acknowledged as pivotal to the survival of
the host, the actions of glia under varying pain states only came to the attention of pain researchers since
the early 1990s[16]. The earliest evidence for a potential role of glia in pain regulation was an associative
link between astrocyte activation and neuropathic pain, as drugs that blocked neuropathic pain also
decreased glial activation[17].

Upon activation, the functions of microglia and astrocytes change, in that they begin producing and
releasing a variety of neuroexcitatory substances, including traditional nociceptive modulators, such as
reactive oxygen species, nitric oxide, prostaglandins, excitatory amino acids, and growth factors[18]. A
key addition to this list of nociceptive modulators was more recently recognized, namely,
proinflammatory cytokines[19,20]. Principal among these are interleukin (IL)-1, IL-6, and tumor necrosis
factor-a.. Spinally, glia are the principal producers of these proinflammatory cytokines, hence, the pivotal
importance of glia in explorations of new approaches to clinical pain control[21]. Indeed, spinal glial
activation and subsequent release of proinflammatory mediators are now implicated in initiating and
maintaining diverse enhanced pain states, including neuropathic pain[19,20].

If glial regulation of neuropathic pain is examined simply as a linear series of events, there are
numerous points along this pathway where glia can, at least in theory, be targeted to treat neuropathic
pain (Fig. 1). Here we will introduce several experimental treatments that target these steps and discuss
their effects on established neuropathic pain. Traditional pain therapies have targeted transmission of the
pain signal via neurons (step E; Fig. 1) with limited success[1,2,3,4]. As can be seen in this schematic
pathway, merely treating the neuronal component of the pathology will leave the glial component
unabated, still attempting to communicate to neurons to propagate pain signals. Perhaps glia are activating
neurons via different pathways/intracellular signaling cascades than modulated by drugs directly targeting
neurons. Therefore, glial signaling to neurons may act via unique pathways from what has been targeted
previously. Perhaps this explanation may elucidate the unfortunate lack of generalized success of current
therapies[1,2,3,4].

Perhaps the most tantalizing point in the neuropathic pain pathway, from a clinical point of view, is
the initial step wherein glia are triggered to activate (Step A; Fig. 1). Interestingly, a variety of glial
activation signals have been identified and which signal(s) initiates glial activation can vary depending on
the insult delivered[19,20,21]. As previously noted, several mediators of glial activation have already
been well characterized, including neuronally released fractalkine and traditional neuronal nociceptive
modulators and transmitters, such as reactive oxygen species, nitric oxide, prostaglandins, excitatory
amino acids, substance P, ATP, and growth factors[18], in addition to proinflammatory cytokines[19,20].
In the majority of these cases, known receptor-mediated events have been characterized.

However, a new and exciting initiator and mediator of neuropathic pain are signals relayed by TLRs,
specifically TLR2 and TLR4[13,22,23]. TLRs are a family of approximately ten single transmembrane
receptors that recognize a diverse range of moieties or “patterns” on exogenous (e.g., lipopolysaccharide
[LPS] of gram-negative bacteria such as E. coli and Salmonella) and endogenous (e.g., heat shock
proteins and cell membrane components released from damaged cells) substances that are considered to
be danger signals and, hence, warrant activation of the innate immune system aimed at defending the
survival of the host. TLR4 has been extensively characterized, as it is the TLR that recognizes LPS.
Binding of agonists to TLRs activates similar downstream intracellular signaling pathways to those
previously documented for IL-1 binding to its cognate receptor, resulting in a powerful proinflammatory
signal. Indeed, the striking similarity of these pathways is reflected by it being called the TLR/IL-1
signaling cascade[24].
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FIGURE 1. Schematic of neuropathic pain, highlighting theoretical points (A—E) where pharmacological targets can be designed to
treat neuropathic pain to which glia importantly contribute. Step A: An activation or series of activation signals are required to
activate glia often mediated via cell surface receptors that can be antagonized. Step B: Glial activation is an all-encompassing term
we use for the state in which glia release proinflammatory mediators. This state can be modulated or attenuated, thereby inhibiting
various cellular events that block glial activation or its downstream consequences. An anti-inflammatory environment can also be
produced, which increases the threshold that an activation signal has to overcome to activate the cells. Step C: Immune inflammatory
mediators, such as proinflammatory cytokines, can be neutralized prior to reaching their intended receptor target (pre- and/or
postsynaptic) by using soluble receptors (which exist endogenously), neutralizing antibodies, decreasing maturation of cytokines into
their active form, or increasing the rate of cytokine degradation. Step D: The action of many glial inflammatory mediators on
neurons (pre- and/or postsynaptic) can also be antagonized at neuronal receptor sites. Step E: Included here are the myriad of
currently employed neuronal targeted therapies that decrease the neuronal signaling of pain signals (pre- and/or postsynaptic).

As noted above, two TLRs (TLR2 and TLR4) are especially intriguing with regard to pain processing.
TLR2 and TLR4 are quite remarkable with regard to the breadth of chemically diverse moieties that
activate them. Directly relevant to neuropathic pain is the fact that TLR2 and TLR4 are key TLRs for
recognizing and responding to endogenous danger signals that are released by damaged, dying, and dead
neurons and other cells (host DNA and RNA, heat shock proteins, cell membrane components, etc.) and
more general aspects of tissue injury (plasma proteins, extracellular matrix degradation products,
etc.)[22,23]. TLR knockout and knockdown studies have demonstrated that both TLR2 and TLR4 are
involved in animal models of neuropathic pain, as knockouts and/or knockdowns of each suppress the
development and/or maintenance of nerve injury—induced allodynia (pain resulting from a normally
nonpainful stimulus)[22,23]. We have extended these findings from transgenic animals and subacute
knockdowns to normal adult rats by demonstrating that acute intrathecal administration of a selective
TLR4 antagonist suppresses well-established neuropathic pain induced by chronic constriction injury
(Fig. 2).

Taken together with the knockout/knockdown studies, these data demonstrate ongoing stimulation of
TLRs, likely by injury-induced endogenous danger signals. As (a) peripheral nerve injury leads to
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protracted expression of heat shock proteins in proximal axons of damaged sensory neurons[26] and
degradation of presynaptic terminals, and (b) nerve degeneration in the CNS occurs remarkably slowly,
taking months to years[27], it is clear that endogenous danger signals created as a result of nerve injury
could produce perseverative activation of at least TLR2 and TLR4 and, thereby, a perseverative drive for
maintaining neuropathic pain. Thus, targeting step A (Fig. 1) of glial activation may have potential
clinical utility.
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FIGURE 2. Chronic constriction injury (CCI)—induced allodynia is reversed by acute
blockade of TLR4. Intrathecal delivery of 20 pg of LPS antagonist (LPS from msbB
mutant E. coli; Invivogen, San Diego, CA) acutely reverses allodynia induced by CCI of
the sciatic nerve (n = 4 per group). This LPS antagonist is a mutant form of LPS that
lacks the myristoyl fatty acid moiety of the lipid A and displays 1,000- to 10,000-fold
reduction in activation of NF-kB and acts as an antagonist of TLR4[25]. BL (baseline)
pre-CCI Von Frey testing of thresholds occurred the day of CCI surgery of the left
sciatic nerve. Allodynia developed across the following 10 days with maximal allodynia
achieved and maintained from this point for a further 21 days. Predrug BL thresholds
were assessed the morning of the test day. Acute intrathecal delivery via the lumbar
approach of vehicle and drug was conducted under brief isoflurane anesthesia. Von Frey
testing was conducted 1 h postdrug. All testing was conducted blinded to treatment
group by two separate experimenters[12].

While TLRs provide a novel and intriguing target for neuropathic pain control, new TLR antagonists
would need to be developed before such a strategy could have clinical utility. For example, the selective
TLR4 antagonist used in the study depicted in Fig. 2 is not likely to be a viable clinical candidate due to
its lack of penetrance of the blood brain barrier if given systemically. In addition, given that both TLR2
and TLR4 signal the presence of endogenous danger signals, it would be predicted that antagonizing
either would have beneficial effects and that the ideal antagonist may be one that blocks both.

Given these considerations, we sought a blood brain barrier permeable, small molecule class that
could block TLR4 and/or TLR2. Our attention was drawn to the work of Hong et al.[28,29,30] and Lu et
al.[31] that demonstrated blockade of LPS activity by the opioid receptor antagonist naloxone.
Importantly, relating to our desired application, naloxone was documented to block microglial activation
by LPS[29].

Intriguingly, Liu et al., from Hong’s group[29], found that the actions of naloxone on LPS-induced
microglial activation were not mediated by classical neuronal opioid receptors as both the opioid active
(—)-isomer and the opioid inactive (+)-isomer of naloxone-exerted identical inhibitory effects on LPS
microglial activation. The observation that (+)-naloxone was equally effective was a critical observation
as it means that naloxone must be acting through some receptor other than the classical opioid receptor,
which only bind (—)-isomers. One possibility was that naloxone bound TLRs in addition to classical
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opioid receptors. To test this, we sought to determine if (+)-naloxone could block LPS-induced activation
of TLR4. Using a TLR4 stably transfected cell line (Invivogen) with a stable cotransfection of an NF-xB
reporter gene (secreted embryonic alkaline phosphatase; SEAP), we found a significant noncompetitive
antagonism of LPS activity at TLR4 by (+)-naloxone (Fig. 3). The antagonism was concluded to be
noncompetitive owing to the reduction in E.
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FIGURE 3. (+)-Naloxone noncompetitively antagonizes activation of TLR4 by LPS. A
TLR4 (cloned human receptor) stably transfected cell line was incubated for 24 h with LPS,
with or without 10 puM (+)-naloxone. SEAP expression was quantified as an indirect
measure of TLR4 activation. LPS alone produced an ECsy of 0.21 ng/ml with an E.x of
40,956 (arbitrary fluorescence units, change from media and (+)-naloxone alone controls).
(+)-Naloxone (10 pM) produced a significant threefold increase in the EC50 and a 40%
reduction in the E,,, while having no effect on basal unstimulated SEAP expression and,
therefore, no effect on basal NF-«B activation[12].

The success of (+)-naloxone in antagonizing TLR4 receptors in vitro led us to test whether it could
acutely reverse CCl-induced allodynia, similar to the reversal observed following intrathecal
administration of a known TLR4 antagonist (mutant LPS antagonist) (Fig. 3). Indeed, (+)-naloxone also
reliably reversed CCl-induced allodynia 90 min following a systemic administration (60 mg/kg s.c.; Fig.
4). These (+)-naloxone data demonstrate two vital points. First, blood brain barrier permeable small
molecules can be used to antagonize TLR4 activity in vivo. Second, TLR4 antagonism by this small
molecule successfully reverses CCl-induced allodynia (step A; Fig. 1), demonstrating a novel receptor
antagonistic action of (+)-naloxone and re-emphasizing the pivotal role of TLR4 receptors in neuropathic
pain. A fortunate characteristic of (+)-naloxone related to its potential clinical utility is that if
breakthrough opioid pain medication was required in a routine or emergency situation, opioid analgesia
would be unaffected owing to the lack of opioid activity of the (+)-isomer. Importantly, such effects are
not restricted to (+)-naloxone, as we have demonstrated similar properties of another (+)-isomer of an
opioid antagonist[32]. (+)-Naltrexone delivery intrathecally or systemically reversed established CCI-
induced allodynia, as did (—)-naltrexone. From this it would appear that naltrexone can reverse
neuropathic pain by nonstereoselectively antagonizing TLR4 receptors, acting in a nonclassical opioid
fashion as naloxone had been shown previously to do. The potential clinical utility of (—)-naltrexone or
(-)-naloxone in this indication as sole treatment of neuropathic pain would be unwise as breakthrough
pain treatment with opioids would be rendered ineffective. The (-)-isomer antagonist obviously will not
have an indication for cotherapy with chronic opioids.
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The application of putative TLR4 antagonists to treat neuropathic pain emphasizes the exciting
clinical opportunity potentially provided by this new approach. However, as mentioned previously, the
mode of glial activation that results in enhanced pain can vary depending on the insult
delivered[19,20,21] and, therefore, it is possible that some neuropathies may develop independent from
TLR4 agonism. Thus, when the initiating signal for glial activation is targeted, this suggests that effective
treatment will depend on which glial activating signal(s) are responsible for the pain pathway. A broader
therapeutic approach would be to inhibit or attenuate existing glial activation and/or products released
by activated glia (step D; Fig. 1). Examples of such drugs that have efficacy in reducing animal models of
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FIGURE 4. Systemic (+)-naloxone acutely reverses CCI-induced allodynia. (+)-Naloxone (60 mg/kg
s.c., kindly supplied by NIDA drug repository) reversed established allodynia 90 min, but not 30 min,
following drug administration (n = 5 per group). BL pre-CCI Von Frey testing of thresholds occurred
the day of CCI surgery of the left sciatic nerve. Allodynia developed across the following 10 days with
maximal allodynia achieved and maintained from this point for a further 21 days. Predrug BL
thresholds were assessed the morning of the test day. All Von Frey testing was conducted blinded to
treatment group by two separate experimenters 30 and 90 min postdrug admin[12].

neuropathic pain include propentofylline[33], pentoxifylline[34], AV411 (ibudilast)[35], and AV333 (IL-
10 gene therapy)[36,37]. For each, neuropathic pain is reversed, as it was for (+)-naloxone. Also like (+)-
naloxone, all of these treatments return the animal toward normal basal pain responsivity, rather than
producing analgesia. Therefore, all of these treatments are specifically antiallodynic and/or
antihyperalgesic, leaving basal nociception unaffected.

As discussed previously, the inflammatory and pronociceptive mediators released by glia in their
activated state are numerous. Therefore, clinically antagonizing or neutralizing each mediator (targeting
step C and/or D) has its limitations, as inhibiting the actions of each of these numerous mediators
individually may be too great a task. However, proinflammatory cytokines appear to be a key linchpin in
glial enhancement of pain, as neutralizing the action of principal proinflammatory cytokines (IL-1, IL-6,
tumor necrosis factor-a; step C, Fig. 1) or antagonizing their receptors (step D; Fig. 1) has proven a
successful strategy for preventing and reversing neuropathic pain[38,39].

As with all pharmacotherapies, there is a cost-benefit ratio resulting from likely side effects of
treatment. When examining the stages of neuropathic pain to pharmacologically target (Fig. 1), step A is
the most attractive. In the case of neuropathy resulting from TLR agonism, treatment of this pathology
with selective TLR antagonists will only reduce the ability of the innate immune system to respond to
new infection or challenges that are solely recognized by the specific TLR(s) that is/are
pharmacologically blocked. As there are redundant pathways utilized by the immune system to recognize
and respond to pathogens, blockade of select TLR(s) would not be expected to pose significant risks. This
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can be demonstrated in the clinic in the case of the well-tolerated chronic use of (—)-naltrexone, which our
data suggests will antagonize TLRs.

Targeting glial activation events after step A (B-D) has the potential to have broader nonselective
actions on either peripheral immune responses (likely with targeting steps C and D) and normal glial
functions. These changes may compromise host immune defense or maintenance of CNS homeostasis.
While these are theoretical issues, AV411 (ibudilast) has been used for over 20 years in Asia, for a
different indication, and has an excellent safety record[35]. Therefore, while there are important issues in
developing and employing these pharmacotherapies, they are not insurmountable. It is our belief that the
benefits of this course of treatment will likely outweigh these potential costs.

As a whole, all these studies highlight the multiple novel targets for new pharmacotherapies when
glia are considered as key mediators of neuropathic pain. We have confirmed the role of TLR4 in
mediating neuropathic pain and our data have provided the exciting opportunity for the development of
(+)-opioid antagonists to treat neuropathic pain. This development could provide a novel drug class to
help treat the untreatable pain.

OPIOIDS SIMULTANEOUSLY INDUCE ANALGESIA AND GLIAL ACTIVATION

A parallel line of research in our laboratory focuses on opioid-induced glial activation. We[21], among
others[10], have drawn parallels between the glial activation observed in response to peripheral
neuropathy and that observed following chronic opioid exposure. The understanding of glial involvement
in neuropathic pain and opioid pharmacodynamics has grown together, such that they are now indelibly
intertwined. Our discovery that opioid agonists activate TLR4 and opioid antagonists nonstereoselectively
block TLR4 activation developed in parallel to our investigations into the mechanisms underlying opioid-
induced glial activation. It appears that TLRs may lie at the intersection between neuropathic pain and
opioid-induced glial activation. Thus, as will be reviewed below, the exciting potential exists that (+)-
opioid antagonists may be uniquely positioned to suppress simultaneously neuropathic pain, suppress
opioid-induced glial activation, and yet not compromise the pain-suppressive effects of opioids agonists
on neurons.

Since the discovery of morphine modulation of T-cell function by Wybran et al. in 1979[40], an
extraordinary amount of work has been focused on characterizing the influence that opioid exposure has
on the functioning of the immune system in its traditional role of host defense. However, the impact that
the activation status of immunocompetent cells has on opioid actions has only been recently recognized.
While modulation of peripheral immune cells function by opioids is very important to understanding host
defense, these cells are not as likely as glia to have a profound effect on opioid pharmacodynamics. The
immunocompetent cells that are perfectly anatomically located to mediate effects on opioid analgesia are
the glia of the dorsal root ganglia, spinal cord, and brain.

The notion that glia can modulate opioid actions is not a new one, as it was first postulated in the late
1980s, long before glia were even recognized as contributing to neuropathic pain[41,42,43]. However, it
took the groundbreaking research of Song and Zhao[l1] to both associatively and then causally link
opioid-induced glial activation with the development of tolerance. Song and Zhao demonstrated that (a)
chronic morphine administration causes glial activation in spinal cord and brain, and (b) coadministration
of morphine with a glial activation inhibitor resulted in a maintenance of analgesic efficacy and a
corresponding reduction of glial activation. Theirs were the first lines of evidence that morphine analgesia
could be modified by opioid-induced glial activation. Interestingly, glial activation induced by other
phenomena, such as neuropathic pain[9,34] or LPS administration[44,45], also reduces the analgesic
efficacy of morphine, producing a state akin to “naive” tolerance. Such studies led to the recognition that
at least several of the same products of activated glia that produce neuropathic pain also oppose morphine
analgesia[45]. Since 2001, several other research groups have confirmed and refined this hypothesis,
demonstrating that, following chronic administration, morphine tolerance and morphine-induced
hyperalgesia are produced, at least in part, as a consequence of glial activation[8]. One mechanism that
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has been proposed to account for such effects is via nitric oxide—induced p38 MAPK activation[46,47],
with downstream up-regulation of proinflammatory cytokines[7,10]. IL-1, in turn, opposes morphine
analgesia[48].

If these discoveries are taken in the context of the schematic diagram used previously to illustrate
neuropathic pain (Fig. 1), it would appear that morphine was acting not only at classical opioid receptors
on nociceptive neurons (step E, Fig. 1), but also as a glial activation signal (step A, Fig. 1) producing the
same, or at least a similar, cascade of events that results in increased nociception. The sum of morphine’s
neuronal antinociceptive activity and its pronociceptive glial activation results in a net reduction in
analgesia[49]. Moreover, since glial activation increases with chronicity of opioid treatment, this process
produces a gradually increasing opposing process, significantly contributing to the behavioral
phenomenon of analgesic tolerance. It also seems likely that opioid-induced glial activation contributes
significantly to the atypical allodynia and hyperalgesia that results from chronic opioid
administration[49]. We have also addressed the question of how rapidly opioid-induced glial activation
occurs following morphine administration and have found that IL-1, as well as other proinflammatory
cytokines, opposes morphine analgesia within minutes after either systemic or intrathecal
administration[49].

The parallels between neuropathy- and opioid-induced glial activations can also be explored by using
agents that reverse nerve injury—induced allodynia so as to define whether these same agents modulate
morphine analgesia as well. We and others have demonstrated that agents that oppose neuropathic pain,
either by suppressing glial activation or by neutralizing or antagonizing proinflammatory glial products,
also oppose glial attenuation of both acute and chronic morphine analgesia[49]. The efficacy of morphine
can be potentiated by targeting opioid-induced glial activation (step B, Fig. 1), or by neutralizing (step C,
Fig. 1) or antagonizing (step D, Fig. 1) the action proinflammatory cytokines[49]. Again, these data
demonstrate the significant parallels between glial activation that occurs as a result of neuropathic pain
and opioid exposure.

All studies published to date have investigated glial activation by morphine, the prototypical opioid.
However, for modulation of opioid analgesic efficacy by glial activation to be globally relevant, this
phenomenon should be generalizable to other clinically relevant opioids. This is, in fact, the case as glial
activation in response to another 4,5-epoxymorphinan, oxycodone[50], and the structurally disparate
synthetic 3,3-diphenylpropylamine opioid, methadone[49], each compromise the resultant analgesia.

Interestingly, etorphine does not appear to produce glial activation[51]. This is consistent with the
possibility that the activation of glia is not mediated via a classical “neuronal-like” opioid receptor. We
have documented the involvement of a nonclassical opioid receptor in glial activation using (+)-
methadone. (+)-Methadone, which possesses no classical opioid receptor activity, causes significant glial
activation, allodynia, and hyperalgesia, as well as up-regulation of proinflammatory cytokine mRNA,
protein and release[21]. Other investigators have also demonstrated nonopioid morphine-induced
hyperalgesia in triple opioid receptor knockout animals[52] and immunomodulation generally[53,54].
Glia do express classical opioid receptors[55]. However, given the compelling data reviewed here, it
seems likely that the immunomodulation resulting from opioid exposure is not mediated by these
receptors. Previous findings of opioid effects on glia will need to be reassessed with nonclassical opioid
receptors in mind.

This brings us back to step A of glial activation as discussed previously (Fig. 1). Once again, prior
literature was instructive regarding potential mechanisms and targets. Wu et al.[44,56,57] have
demonstrated that (+)-naloxone possesses a glial-dependent protective effect over a phenomenon called
“morphine-induced antianalgesia”. In morphine-induced antianalgesia, prior administration of low-dose
morphine attenuates subsequent analgesia induced by a later higher dose of morphine. The prior low
morphine dose produces a state akin to “naive” tolerance produced by a glially dependent mechanism,
likely via production of proinflammatory cytokines. Owing to the prevention of antianalgesia by (+)-
naloxone[57] and to our experience of (+)-naloxone’s antiallodynic capacity, we examined the possibility
that (+)-naloxone could potentiate morphine analgesia by blocking morphine-induced glial activation and
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consequent increase in antianalgesic proinflammatory cytokines. Indeed, (+)-naloxone significantly
potentiated both acute and chronic morphine analgesia[58].

Taken together with our previous TLR4 cell line data demonstrating that (+)-naloxone blocked TLR4
activation, the above findings suggest that opioids such as morphine may be as-yet-unrecognized agonists
of TLRA4. If this were true, it would provide a novel mechanism by which opioids could activate glia. To
test this idea, we screened several clinically employed opioid agonists on the same TLR4 cell line
described previously, and all were found to be TLR4 agonists. These opioid TLR4 agonists included
(+)- and (—)-morphine, (+)- and (-)-methadone, oxycodone, buprenorphine, fentanyl, and
pethadine/meperidine, among others.

Like Neuropathic Pain, Clinically Employed Opioids Activate Glia via TLRs

By targeting opioid-induced activation of glial TLRs, we are able to block this detrimental aspect of glial
activation from even progressing past step A (Fig. 1) that contributes to opioid-induced tolerance,
allodynia, and hyperalgesia. In doing so, we believe the beneficial neuronally induced opioid analgesia is
unhindered by opioid-induced glial activation. Early evidence indicates that acute opioid exposure
increases the expression of at least TLR4 at both the transcriptional and translational levels (Hutchinson
et al., unpublished observations). Ongoing studies are investigating the changes in expression of TLRs
following chronic opioid administration.

The significance of the discovery of opioid-TLR4 activity should not be underestimated, as it would
appear that at least TLR4 is responsible for initiating a component of opioid-induced glial activation that
contributes significantly to the unwanted pronociceptive side effects of opioid administration. Moreover,
TLRs provide a molecular point at which the paths of neuropathic pain and pronociceptive actions of
morphine cross. Therefore, lessons learned from neuropathic pain and atypical nociceptive changes
resulting from morphine exposure may be mutually beneficial to each research field.

OPIOID-INDUCED GLIAL ACTIVATION AND OPIOID ABUSE LIABILITY

The importance of defining how broadly glia impact opioid actions led us to investigate the role that
opioid-induced glial activation may have in nonanalgesic activity of opioids, such as dependence and
reward. Immune involvement, as a whole, in morphine dependence was first demonstrated by Dafny et
al.[59], who found that several nonselective immunosuppressive treatments ameliorated morphine
withdrawal behaviors. These studies were conducted prior to an appreciation of the importance of glial
cells. A significant concern surrounding Dafny's research was the severity of the immunosuppressive
treatments used and the possibility that the animals were too sick to even display withdrawal
behaviors[60,61]. Such concerns led to the end of this line of research for over 10 years. However, one
intriguing aspect to Dafny's research was that his use of systemically administered immunosuppressants
would have also suppressed glial activation. If true, this would provide yet another novel therapeutic
indication for attenuation of glial activation. A second thread of evidence was the work of Johnston et
al.[7], which suggested glial involvement in morphine withdrawal induced pain enhancement, as this
enhanced nociception could be blocked by ILIra or IL-10. As the work of Johnston et al. utilized an
intrathecal route of morphine administration[7], these spinally mediated events begged the question of
whether dependence/withdrawal at supraspinal sites may involve glia as well.

To readdress whether immunocompetent cells, specifically glia, may be involved in morphine
withdrawal, we explored whether morphine dependence/withdrawal might be suppressed by AV411
(ibudilast), a blood brain barrier permeable glial activation inhibitor that suppresses neuropathic pain[35].
We found that coadministration of AV411 with an escalating dependence regimen of morphine
significantly reduced naloxone-precipitated withdrawal behaviors[35]. Moreover, there was a
corresponding reduction in glial activation in brain nuclei associated with opioid action[50]. In a separate
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experiment, AV411 was found to protect against previously established dependence and spontaneous
withdrawal, as reflected by suppression of withdrawal-induced spontaneous activity levels and weight
loss[50]. These data implicate, for the first time, opioid-induced glial activation in the development of
morphine dependence and precipitation of withdrawal behaviors. If it is indeed true that glia, and
specifically morphine-induced glial activation via TLR4, importantly contribute to opioid
dependence/withdrawal, then (+)-naloxone would also be expected to attenuate (—)-naloxone—precipitated
withdrawal in morphine-dependent animals. Indeed, this is true[58], as coadministration of (+)-naloxone
significantly reduced withdrawal behaviors and attenuated morphine-induced weight loss. Therefore,
TLR4 is also implicated in the development of morphine dependence and is a point at which the
mechanism of the detrimental side effects of opioids initiates.

Given the success of separating the beneficial and detrimental actions of opioids by targeting glial
activation, the next extension of the research was to investigate the rewarding and reinforcing actions of
morphine. Work by Narita et al.[62] implicated glial activation in the rewarding properties of both
morphine and methamphetamine in mice, as measured by conditioned place preference. They established
that the glial activation inhibitor, propentofylline, reduced conditioned place preference induced by
morphine and methamphetamine[62]. Down-regulation of glial glutamate transporters were implicated as
playing an important role in their model of glial involvement in morphine reward[63,64]. We wished to
address the issue of glial involvement in morphine reward from both a neurochemical and behavioral
standpoint. As such, we assessed both morphine-induced elevations in dopamine levels in the nucleus
accumbens, a neurochemical hallmark of reward for opioids and other drugs of dependence; and
morphine-induced conditioned place preference, a behavioral hallmark of reward. In both cases,
coadministration of AV411 and, hence, attenuation of opioid-induced glial activation, resulted in a
significant reduction in morphine reward[35,50]. An extension of this hypothesis is that TLRs mediate the
detrimental reinforcing and addictive actions of morphine. However, in both dependence and reward
traditional neuronal opioid signals are, not surprisingly, still required for these responses to be achieved as
a pure TLR4 signal is not rewarding alone[65]. It remains to be assessed if (+)-naloxone possesses the
same antirewarding action when coadministered with morphine. Given Narita et al.[62] demonstrated
glial activation following methamphetamine, which is structurally disparate to opioids, the potential
common recruitment of pattern recognition receptors such as TLRs is a tantalizing and as yet untested
hypothesis. If true, then TLR agonism and subsequent glial activation may be a common mechanism of
abuse liability for several structurally diverse classes of compounds.

CONCLUSIONS

By examining the role of glia in neuropathic pain and opioid actions, three important clinically relevant
discoveries have been made. First, TLR-dependent glial activation is pivotal to the maintenance of
neuropathic pain. Second, TLR-dependent opioid-induced glial activation is fundamental to reducing
morphine analgesia, producing dependence, and producing morphine reward. Finally, antagonism of
TLRs or attenuation of glial activation in both neuropathic pain and during opioid exposure reverses
allodynia and reduces unwanted opioid side effects, while maintaining opioid analgesic efficacy,
respectively. Importantly, the negative side effects of opioids can be separated from the beneficial actions
by targeting opioid-induced glial activation using blood brain barrier permeable pharmacotherapies such
as AV411 or (+)-opioid antagonists[35]. There is immense clinical utility for such nonopioid treatments
for chronic pain and opioid dependence, as they would be predicted to have no abuse liability.

The evidence that methamphetamine induces glial activation also highlights the possibility that glial
activation may be a common link in the rewarding capacity of several abused compounds. Therefore,
ongoing glial activation may potentially provide a predictor for a patient’s drug abuse liability. Examples
of patient populations where this may pertain include HIV/AIDS, stress, and depression, just to name a
few. In all these cases, drug abuse is of considerable concern. Including glia in future pain and drug
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dependence hypotheses will provide a plethora of novel treatment opportunities and hopefully increase
the success rate and safety of current pharmacotherapies.

ACKNOWLEDGMENTS

Avigen Inc, International Association for the Study of Pain International Collaborative grant, American
Australian Association Merck Company Foundation Fellowship, National Health and Medical Research
Council of Australia CJ Martin Fellowship (ID 465423), and NIH Grants DA015642, DA017670, and
DEO017782.

REFERENCES

13.

14.

15.

17.

18.

19.

20.

21.

Sindrup, S.H. and Jensen, T.S. (1999) Efficacy of pharmacological treatments of neuropathic pain: an update and
effect related to mechanism of drug action. Pain 83, 389—400.

Collins, S.L., Moore, A., McQuay, H.J., and Wiffen, P. (2000) Antidepressants and anticonvulsants for diabetic
neuropathy and postherpetic neuralgia: a quantitative systematic review. J. Pain Symptom Manage. 20, 339-457.
McQuay, H., Carroll, D., Jadad, A.R., Wiffen, P., and Moore, A. (1995) Anticonvulsant drugs for management of
pain: a systematic review. Br. Med. J. 311, 1047-1052.

McQuay, H., Tramer, M., Nye, B.A., Carroll, D., Wiffen, P., and Moore, R.A. (1996) A systematic review of
antidepressants in neuropathic pain. Pain 68, 217-227.

Compton, W.M. and Volkow, N.D. (2006) Major increases in opioid analgesic abuse in the United States: concerns
and strategies. Drug Alcohol Depend. 81, 103-107.

Manchikanti, L. (2006) Prescription drug abuse: what is being done to address this new drug epidemic? Testimony
before the Subcommittee on Criminal Justice, Drug Policy and Human Resources. Pain Physician 9, 287-321.
Johnston, I.N., Milligan, E.D., Wieseler-Frank, J., Frank, M.G., Zapata, V., Campisi, J., Langer, S., Martin, D., Green,
P., Fleshner, M., Leinwand, L., Maier, S.F., and Watkins, L.R. (2004) A role for proinflammatory cytokines and
fractalkine in analgesia, tolerance, and subsequent pain facilitation induced by chronic intrathecal morphine. J.
Neurosci. 24, 7353-7365.

Raghavendra, V., Tanga, F.Y., and DeLeo, J.A. (2004) Attenuation of morphine tolerance, withdrawal-induced
hyperalgesia, and associated spinal inflammatory immune responses by propentofylline in rats.
Neuropsychopharmacology 29, 327-334.

Raghavendra, V., Tanga, F., Rutkowski, M.D., and DeLeo, J.A. (2003) Anti-hyperalgesic and morphine-sparing
actions of propentofylline following peripheral nerve injury in rats: mechanistic implications of spinal glia and
proinflammatory cytokines. Pain 104, 655-664.

Raghavendra, V., Rutkowski, M.D., and DeLeo, J.A. (2002) The role of spinal neuroimmune activation in morphine
tolerance/hyperalgesia in neuropathic and sham-operated rats. J. Neurosci. 22, 9980-9989.

Song, P. and Zhao, Z.Q. (2001) The involvement of glial cells in the development of morphine tolerance. Neurosci.
Res. 39, 281-286.

Hutchinson, M.R., Coats, B.C., Maier, S.F., and Watkins, L.R. (2007) Acute reversal of chronic constriction injury
allodynia by antagonism of TLR4, in preparation.

Wadachi, R. and Hargreaves, K.M. (2006) Trigeminal nociceptors express TLR-4 and CD14: a mechanism for pain
due to infection. J. Dent. Res. 85, 49-53.

Tanga, F.Y., Nutile-McMenemy, N., and DeLeo, J.A. (2005) The CNS role of Toll-like receptor 4 in innate
neuroimmunity and painful neuropathy. Proc. Natl. Acad. Sci. U. S. A. 102, 5856-5861.

Allen, N.J. and Barres, B.A. (2005) Signaling between glia and neurons: focus on synaptic plasticity. Curr. Opin.
Neurobiol. 15, 542-548.

Garrison, C.J., Dougherty, P.M., Kajander, K.C., and Carlton, S.M. (1991) Staining of glial fibrillary acidic protein
(GFAP) in lumbar spinal cord increases following a sciatic nerve constriction injury. Brain Res. 565, 1-7.

Garrison, C.J., Dougherty, P.M., and Carlton, S.M. (1994) GFAP expression in lumbar spinal cord of naive and
neuropathic rats treated with MK-801. Exp. Neurol. 129, 237-243.

Watkins, L.R. and Maier, S.F. (2000) The pain of being sick: implications of immune-to-brain communication for
understanding pain. Annu. Rev. Psychol. 51,29-57.

Watkins, L.R., Milligan, E.D., and Maier, S.F. (2001) Glial activation: a driving force for pathological pain. Trends
Neurosci. 24, 450-455.

Watkins, L.R., Milligan, E.D., and Maier, S.F. (2003) Glial proinflammatory cytokines mediate exaggerated pain
states: implications for clinical pain. Adv. Exp. Med. Biol. 521, 1-21.

Watkins, L.R., Hutchinson, M.R., Johnston, I.N., and Maier, S.F. (2005) Glia: novel counter-regulators of opioid
analgesia. Trends Neurosci. 28, 661-669.

109



Hutchinson et al.: Opioid-Induced Glial Activation TheScientificWorldJOURNAL (2007) 7(S2), 98—111

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Tanga, F.Y., Nutile-McMenemy, N., and Deleo, J.A. (2005) The CNS role of Toll-like receptor 4 in innate
neuroimmunity and painful neuropathy. Proc. Natl. Acad. Sci. U. S. A. 102(16), 5856-5861.

Kim, D., Kim, M.A., Cho, L.H., Kim, M.S,, Lee, S., Jo, E.K., Choi, S.Y., Park, K., Kim, J.S., Akira, S., Na, H.S., Oh,
S.B., and Lee, S.J. (2007) A critical role of toll-like receptor 2 in nerve injury-induced spinal cord glial cell activation
and pain hypersensitivity. J. Biol. Chem. 282, 14975-14983.

Muzio, M. and Mantovani, A. (2001) Toll-like receptors (TLRs) signalling and expression pattern. J. Endotoxin Res.
7,297-300.

Coats, S.R., Reife, R.A., Bainbridge, B.W., Pham, T.T., and Darveau, R.P. (2003) Porphyromonas gingivalis
lipopolysaccharide antagonizes Escherichia coli lipopolysaccharide at toll-like receptor 4 in human endothelial cells.
Infect. Immun. 71, 6799-6807.

Benn, S.C., Perrelet, D., Kato, A.C., Scholz, J., Decosterd, I., Mannion, R.J., Bakowska, J.C., and Woolf, C.J. (2002)
Hsp27 upregulation and phosphorylation is required for injured sensory and motor neuron survival. Neuron 36, 45—
56.

Barres, B.A. and Vargas, M.E. (2006) Why is Wallerian degeneration in the CNS so slow? Annu. Rev. Neurosci.
Epub ahead of print.

Chang, R.C., Rota, C., Glover, R.E., Mason, R.P., and Hong, J.S. (2000) A novel effect of an opioid receptor
antagonist, naloxone, on the production of reactive oxygen species by microglia: a study by electron paramagnetic
resonance spectroscopy. Brain Res. 854, 224-229.

Liu, B., Du, L., and Hong, J.S. (2000) Naloxone protects rat dopaminergic neurons against inflammatory damage
through inhibition of microglia activation and superoxide generation. J. Pharmacol. Exp. Ther. 293, 607-617.

Liu, B., Jiang, J.W., Wilson, B.C., Du, L., Yang, S.N., Wang, J.Y., Wu, G.C,, Cao, X.D., and Hong, J.S. (2000)
Systemic infusion of naloxone reduces degeneration of rat substantia nigral dopaminergic neurons induced by
intranigral injection of lipopolysaccharide. J. Pharmacol. Exp. Ther. 295, 125-132.

Lu, X., Bing, G., and Hagg, T. (2000) Naloxone prevents microglia-induced degeneration of dopaminergic substantia
nigra neurons in adult rats. Neuroscience 97,285-291.

Watkins, L.R., Hutchinson, M.R., Zhang, Y., Coats, B.D., Sprunger, D.B., Hughes, T.S., Maier, S.F., Johnson, K.W.,
and Rice, K.C. (2007) Identification and characterization of a novel opioid site of action: implications for opioid-
induced glial activation. In Press: Society for Neuroscience San Diego, CA.

Sweitzer, S.M., Schubert, P., and DeLeo, J.A. (2001) Propentofylline, a glial modulating agent, exhibits antiallodynic
properties in a rat model of neuropathic pain. J. Pharmacol. Exp. Ther. 297, 1210-1217.

Mika, J., Osikowicz, M., Makuch, W., and Przewlocka, B. (2007) Minocycline and pentoxifylline attenuate allodynia
and hyperalgesia and potentiate the effects of morphine in rat and mouse models of neuropathic pain. Eur. J.
Pharmacol. 560, 142-149.

Ledeboer, A., Hutchinson, M.R., Watkins, L.R., and Johnson, K.W. (2007) Ibudilast (AV-411): a new class
therapeutic candidate for neuropathic pain and opioid withdrawal syndromes. Exp. Opin. Investig. Drugs 16(7), 935—
950.

Milligan, E.D., Sloane, E.M., Langer, S.J., Cruz, P.E., Chacur, M., Spataro, L., Wieseler-Frank, J., Hammack, S.E.,
Maier, S.F., Flotte, T.R., Forsayeth, J.R., Leinwand, L.A., Chavez, R., and Watkins, L.R. (2005) Controlling
neuropathic pain by adeno-associated virus driven production of the anti-inflammatory cytokine, interleukin-10. Mol.
Pain 1, 9.

Milligan, E.D., Sloane, E.M., Langer, S.J., Hughes, T.S., Jekich, B.M., Frank, M.G., Mahoney, J.H., Levkoff, L.H.,
Maier, S.F., Cruz, P.E., Flotte, T.R., Johnson, K.W., Mahoney, M.M., Chavez, R.A., Leinwand, L.A., and Watkins,
L.R. (2006) Repeated intrathecal injections of plasmid DNA encoding interleukin-10 produce prolonged reversal of
neuropathic pain. Pain 126, 294-308.

Sweitzer, S., Martin, D., and DeLeo, J.A. (2001) Intrathecal interleukin-1 receptor antagonist in combination with
soluble tumor necrosis factor receptor exhibits an anti-allodynic action in a rat model of neuropathic pain.
Neuroscience 103, 529-539.

Milligan, E.D., Twining, C., Chacur, M., Biedenkapp, J., O'Connor, K., Poole, S., Tracey, K., Martin, D., Maier, S.F.,
and Watkins, L.R. (2003) Spinal glia and proinflammatory cytokines mediate mirror-image neuropathic pain in rats.
J. Neurosci. 23, 1026-1040.

Wybran, J., Appelboom, T., Famaey, J.P., and Govaerts, A. (1979) Suggestive evidence for receptors for morphine
and methionine-enkephalin on normal human blood T lymphocytes. J. Immunol. 123, 1068—1070.

Ronnback, L. and Hansson, E. (1988) Are astroglial cells involved in morphine tolerance? Neurochem. Res. 13, 87—
103.

Ronnback, L. and Hansson, E. (1988) Modulation of astrocyte activity--one way to reinforce morphine effects? Cell
Mol. Biol. 34, 337-349.

Ronnback, L., Hansson, E., and Alling, C. (1988) Primary astroglial cultures in alcohol and drug research. Alcohol
Alcohol. 23, 465-475.

Wu, H.E., Sun, H.S., Terashivili, M., Schwasinger, E., Sora, 1., Hall, F.S., Uhl, G.R., and Tseng, L.F. (2006) dextro-
and levo-morphine attenuate opioid delta and kappa receptor agonist produced analgesia in mu-opioid receptor
knockout mice. Eur. J. Pharmacol. 531, 103-107.

Johnston, I.N. and Westbrook, R.F. (2005) Inhibition of morphine analgesia by LPS: role of opioid and NMDA

110



Hutchinson et al.: Opioid-Induced Glial Activation TheScientificWorldJOURNAL (2007) 7(S2), 98—111

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

receptors and spinal glia. Behav. Brain Res. 156, 75-83.

Cui, Y., Chen, Y., Zhi, J.L., Guo, R.X., Feng, J.Q., and Chen, P.X. (2006) Activation of p38 mitogen-activated
protein kinase in spinal microglia mediates morphine antinociceptive tolerance. Brain Res. 1069, 235-243.

Liu, W., Wang, C.H., Cui, Y., Mo, L.Q., Zhi, J.L., Sun, S.N., Wang, Y.L., Yu, HM., Zhao, C.M., Feng, J.Q., and
Chen, P.X. (2006) Inhibition of neuronal nitric oxide synthase antagonizes morphine antinociceptive tolerance by
decreasing activation of p38 MAPK in the spinal microglia. Neurosci. Lett. 410, 174-177.

Shavit, Y., Wolf, G., Goshen, 1., Livshits, D., and Yirmiya, R. (2005) Interleukin-1 antagonizes morphine analgesia
and underlies morphine tolerance. Pain 115, 50-59.

Hutchinson, M.R., Coats, B.C., Lewis, S.S., Sprunger, D.B., Baker, E.M., Martin, D., Poole, S., Judd, C.M., Maier,
S.F., and Watkins, L.R. (2007) Improving the efficacy of opioids through an understanding of opioid-induced glial
activation: mechanisms, mediators, and implications, submitted.

Hutchinson, M.R., Watkins, L.R., Johnson, K.W., et al. (2007) Glial contribution to morphine reward and dependence
as assessed using the novel glial activation attenuator, AV411, submitted.

Narita, M., Suzuki, M., Narita, M., Niikura, K., Nakamura, A., Miyatake, M., Yajima, Y., and Suzuki, T. (2006) mu-
Opioid receptor internalization-dependent and -independent mechanisms of the development of tolerance to mu-
opioid receptor agonists: comparison between etorphine and morphine. Neuroscience 138, 609-619.

Juni, A., Klein, G., Pintar, J.E., and Kest, B. (2007) Nociception increases during opioid infusion in opioid receptor
triple knock-out mice. Neuroscience 147(2), 439-444.

Hutchinson, M.R. and Somogyi, A.A. (2004) Relationship between 4,5-epoxymorphinan structure and in vitro
modulation of cell proliferation. Eur. J. Pharmacol. 494, 251-262.

Hutchinson, M.R. and Somogyi, A.A. (2005) Characterisation of the in vitro modulation of splenocyte proliferation
by non-4,5-epoxymorphinan opioids. Int Immunopharmacol. 5, 1713-1722.

Chang, S.L., Sharp, B.M., and Madden, J.J. (1998) Cellular mechanisms involved in the modulation of the immune
system by drugs of abuse. Adv. Exp. Med. Biol. 437, 1-12.

Wu, H.E., Sun, H.S., Cheng, C.W., and Tseng, L.F. (2006) p38 Mitogen-activated protein kinase inhibitor SB203580
reverses the antianalgesia induced by dextro-morphine or morphine in the mouse spinal cord. Eur. J. Pharmacol. 550,
91-94.

Wu, H.E., Thompson, J., Sun, H.S., Terashvili, M., and Tseng, L.F. (2005) Antianalgesia: stereoselective action of
dextro-morphine over levo-morphine on glia in the mouse spinal cord. J. Pharmacol. Exp. Ther. 314, 1101-1108.
Watkins, L.R., Hutchinson, M.R., Ledeboer, A., Wieseler-Frank, J., Milligan, E.D., and Maier, S.F. (2007) Norman
Cousins Lecture. Glia as the "bad guys": implications for improving clinical pain control and the clinical utility of
opioids. Brain Behav. Immun. 21, 131-146.

Dafny, N., Dougherty, P.M., and Drath, D. (1990) Immunosuppressive agent modulates the severity of opiate
withdrawal. NIDA Res. Monogr. 105, 553-555.

Berthold, H., Borel, J.F., and Fluckiger, E. (1989) Enigmatic action of ciclosporine A on the naloxone-precipitated
morphine withdrawal syndrome in mice. Neuroscience 31, 97-103.

Dantzer, R., Satinoff, E., and Kelley, K.W. (1987) Cyclosporine and alpha-interferon do not attenuate morphine
withdrawal in rats but do impair thermoregulation. Physiol. Behav. 39, 593-598.

Narita, M., Miyatake, M., Narita, M., Shibasaki, M., Shindo, K., Nakamura, A., Kuzumaki, N., Nagumo, Y., and
Suzuki, T. (2006) Direct evidence of astrocytic modulation in the development of rewarding effects induced by drugs
of abuse. Neuropsychopharmacology 31, 2476-2488.

Nakagawa, T. and Satoh, M. (2004) Involvement of glial glutamate transporters in morphine dependence. Ann. N. Y.
Acad. Sci. 1025, 383-388.

Ozawa, T., Nakagawa, T., Shige, K., Minami, M., and Satoh, M. (2001) Changes in the expression of glial glutamate
transporters in the rat brain accompanied with morphine dependence and naloxone-precipitated withdrawal. Brain
Res. 905, 254-258.

Larson, S.J. (2006) Lipopolysaccharide and interleukin-1beta decrease sucrose intake but do not affect expression of
place preference in rats. Pharmacol. Biochem. Behav. 84, 429-435.

This article should be cited as follows:

Hutchinson, M.R., Bland, S.T., Johnson, K.W., Rice, K.C., Maier, S.F., and Watkins, L.R. (2007) Opioid-induced glial
activation: mechanisms of activation and implications for opioid analgesia, dependence, and reward.
TheScientificWorldJOURNAL 7(S2), 98—111. DOI 10.1100/tsw.2007.230.

111



@
\‘ i

St O ke International Journal of Depression Research
Research and Treatment Alzheimer’s Disease and Treatment

International Journal of

Brain Science

Hindawi

Submit your manuscripts at rﬁy
http://www.hindawi.com

Autism

Research and Treatment

Computational and e E . g )
Mathematical Methods The Scientific Epilepsy Research Cardiovascular Psychiatry

in Medicine ern: World Journal and Treatment and Neurology

Parkinson’s
Disease

Neuroscience

Psychiatry

Journal of :
Neurodegenerative
BINENES

BioMed
Research International




