Drugs of Abuse and NeuroAIDS: Opiates

Thomas J. Rogers

Abstract Opiate abuse is a major global health problem, due in part to the fact that
the HIV infection often occurs with intravenous drug abuse. There is strong clinical
and preclinical evidence that opiate abuse promotes the neurodegeneration that can
occur in association with HIV infection. Morphine or heroin can exert direct neuro-
toxic effects on neuronal cells and alter neuronal function. In addition, opiate
administration after the virus infection has been established can exacerbate the neu-
rotoxic properties of some of the HIV products. This can include the induction of
pro-inflammatory mediators including both cytokines and chemokines and a loss of
blood—brain barrier integrity. It is also clear that the activation of opioid receptors
by agonists like morphine can initiate cross-talk interactions with other receptors,
most notably the chemokine receptors CCRS5 and CXCR4. Opiates clearly exert
both pro- and anti-inflammatory activity, and our understanding of how these oppos-
ing influences are balanced in both the brain and periphery is rapidly advancing.
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1 Introduction

Opiate drug abuse is a major contributing factor to the global AIDS epidemic. It is
likely that over a third of the HIV infections in the USA can be linked to intravenous
drug abuse, and global estimates suggest that almost 20 % of intravenous drug abus-
ers are infected with HIV [1-4]. Chronic opioid abuse is a growing problem, due in
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part to the increase in the misuse of prescription opioid drugs in the USA [3]. Opioid
abuse is associated with a decline in resistance to a number of opportunistic infec-
tions, and both direct and indirect processes are responsible for these immunosup-
pressive effects (reviewed in [5-7]). Work reported by a number of investigators,
based on both clinical and laboratory research, has documented the capacity of
heroin (or morphine) to inhibit adaptive and innate immune responses [5, 6, 8—10].
Moreover, experimental animal research shows that opioid administration leads to
an increase in susceptibility to a number of infectious agents, including Candida
albicans, Klebsiella pneumoniae, Streptococcus pneumoniae, herpes virus, murine
leukemia virus, and Toxoplasma gondii [11-19]. However, the effect of chronic
opioid administration on resistance to HIV infection is less clear. Experimental ani-
mal studies carried out with SIV have provided conflicting results, and this is almost
certainly due, in part, to inconsistencies in the properties of the viral strain and the
dose of morphine administered [20-23].

It is important to recognize that the immunosuppressive activity of the opioids is
not universal, since it is clear that these drugs can have strong pro-inflammatory prop-
erties in certain circumstances. For example, current evidence suggests that opiates
promote the neuropathology which can be associated with HIV infection by increas-
ing the toxicity of some of the HIV proteins, particularly in the brain [24]. The neuro-
toxicity of the opiates is likely due to an elevation in the expression of pro-inflammatory
cytokines in the brain [24, 25]. There is also evidence that opioid administration
results in the degradation of the integrity of the blood-brain barrier (BBB), which may
promote the exposure of the brain to additional pro-inflammatory cytokines which
may more easily pass across the BBB [24, 26]. These studies are consistent with clini-
cal evidence which suggests that opiate abuse leads to higher rates of encephalopathy
in HIV-infected patients, compared to infected nondrug abusers [27, 28].

2 Opiates and Opioid Receptors

Opium, derived from the seedpods of Papaver somniferum, has been utilized for
medicinal purposes since prehistoric times. Heroin, or diacetylmorphine, is chemi-
cally synthesized from opium and is one of the common opiates employed by intrave-
nous drug abusers. Heroin is metabolized to morphine, 6-monoacetylmorphine,
morphine-6-p-p-glucuronide, and morphine-3-p-p-glucuronide. While morphine is
utilized widely as an analgesic and is the major bioactive heroin metabolite, several of
the metabolites also possess opiate activity [29]. Endogenous opioid peptides, includ-
ing endomorphins 1 and 2, leu- and met-enkephalin, and dynorphin, are produced in
both the brain and in the periphery, and levels of opioid peptides appear to increase in
response to inflammatory stimuli [30]. The regulation of endogenous peptide expres-
sion in the periphery by leukocytes is not well defined, and this information is impor-
tant for our understanding of the regulation of the immune system by opioids.

There are three opioid receptors, and these are designated p-, k-, and d-opioid
receptors (MOR, KOR, and DOR) [5, 31]. Each of these receptors is expressed
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within the central and peripheral nervous system, although the relative expression
may vary depending on the specific tissue site. The opioid receptors are also
expressed by leukocytes, and molecular analysis of the opioid receptors expressed
by leukocytes shows they are identical to those expressed in the CNS [32-34].
Experimental work on the modulation of the immune response is often conducted
with one or more synthetic opioids, and these can have the advantage of being more
receptor selective and/or possess a higher affinity for the respective opioid receptor
type. The experimental use of these agonists can offer a major advantage in conduct-
ing experiments to understand the role of specific opioid receptors in the immune
response, since opioid drugs of abuse are not highly receptor selective. For example,
morphine has predominant binding activity for MOR but also activates both KOR
and DOR. This means that the effects induced by morphine may be mediated by
combinations of opioid receptor types. This can represent a critical issue since MOR
and KOR can mediate opposing activities for cells of the immune system [35, 36].

3 Direct Mechanisms of Neurotoxicity of Opioids

The p-opioids, particularly with chronic administration, can manifest detectable
neurotoxic activity in the absence of other toxic stimuli. The overt toxicity of mor-
phine appears to be modest [37], but it should be noted that there is evidence that
this p-opioid, and others, can directly induce neurotoxic effects. Mu opioids includ-
ing both morphine and fentanyl exert direct toxic effects on Purkinje cells in vitro,
and fentanyl administration to rats in vivo induces damage to the limbic system and
exacerbates cerebral ischemia in the forebrain [38—40]. Finally, p-opioids exert a
proapoptotic effect when combined at relatively low doses with various other apop-
totic agents [41—45]. There is evidence of astrogliosis in heroin abusers [46], and the
dopaminergic function of tyrosine hydroxylase terminals in the nucleus accumbens
is inhibited [47]. Chronic morphine or heroin administration to rodents results in
reduced striatal levels of synaptic dopamine and dopamine transporter [48—50].
These effects in the brain have been associated with the accumulation of perivascu-
lar infiltrates of macrophages and lymphocytes, suggesting that at least a part of the
toxicity in these studies was the result of a low level of inflammatory activity in
regions of brain tissue. Of course, other mechanisms are almost certainly involved
in the manifestation of the gliosis just described, including the recent observation of
hyperphosphorylated tau in the hippocampal neurons of heroin abusers [51, 52].
Opioids may promote toxic effects in the brain by inducing a pro-inflammatory
response. This is somewhat counterintuitive, since opioid administration has been
well documented to exert immunosuppressive activity (reviewed in [5]). However,
an evaluation of published work from a number of investigators shows that opioid
receptor activation can exert pleomorphic effects on the immune system, particu-
larly with respect to the inflammatory response. Studies to determine the effects of
morphine, and other p-opioids, on the production of pro- and anti-inflammatory
cytokines have produced conflicting results, and this is almost certainly due to the
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highly variable experimental systems employed for these studies (reviewed in
[5, 36]). For example, morphine administration results in a reduction in the expres-
sion of interferon y (IFNYy) and interleukin-2 (IL), cytokines that are critical for both
acute inflammatory responses and adaptive immunity [53, 54]. Roy and her col-
leagues [55-57] working with both human blood leukocytes and murine spleno-
cytes have shown that morphine polarizes toward a Th2 response, which would be
expected to be less inflammatory. Sacerdote and her colleagues [58] have studied
the effects of subcutaneous morphine administration on peritoneal macrophage
function and reported a reduction in both baseline and lipopolysaccharide (LPS)-
induced levels of IL-1p, tumor necrosis factor-a (TNFa), and IL-12. Recent work
has also shown that morphine inhibits the expression of TNFa and IL-6 produced
by human monocytes in response to bacterial peptidoglycan, but these effects
required high concentrations of the opioid (10-100 pM) [59].

In contrast to these results, there are several reports which show that morphine, or
other p-opioids, induces the production of pro-inflammatory cytokines. Peng et al.
[60] have reported an increase in the expression of both IL-12 and TNFa from murine
peritoneal macrophages following morphine administration. These results are
consistent with results with relatively low doses of morphine which show an increase
in the expression of the pro-inflammatory cytokines IL-6 and TNFa, an effect which
was due to the activation of the highly pro-inflammatory transcription factor NF-xB
[61]. The latter results are particularly interesting in that the same investigation sug-
gested that high morphine doses are inhibitory, suggesting that pharmacological
doses of this drug may promote a more pro-inflammatory immune activity.

Morphine and other p-opioids have been reported to upregulate NF-xB activity
in neuronal cells. Treatment of rat cerebral cortex neurons with the MOR-selective
agonist [D-ala?, N-Me-Phe*, Gly-ol’]enkephalin (DAMGO) induces NF-xB activa-
tion [62], and morphine treatment of the NT2-N neuronal cell line induced NF-xB
promoter activity [63]. The activation of NF-kB has significant implications since it
is critical for the expression of a large number of pro-inflammatory cytokines,
including IL-1f, IL-6, and TNFa, and the chemokines CXCLS8, CCL2, and CCL5
[64—70]. Both morphine [61] and the endogenous p-opioids endomorphin 1 and
endomorphin 2 [71] have been shown to upregulate NF-kB activity in monocyte/
macrophage cell populations. More recently, our laboratory has reported the upreg-
ulation of NF-kB functional activity following administration of nanomolar concen-
trations of DAMGO to primary human peripheral blood leukocytes and
MOR-transfected HEK293 cells [72]. Moreover, we found that the induction of
NF-kB activity was essential for the opioid induction of the pro-inflammatory che-
mokine CCL2. Finally, the latter studies showed that the MOR-initiated signaling
pathway for the induction of NF-kB is dependent on the activation of PKCC, and
treatment with a PKCC-specific pseudosubstrate inhibitor blocks both the MOR-
induced activation of NF-kB and the induction of CCL2 expression. Our studies
have shown that the activation of MOR initiates a signaling pathway which results
in the potent activation of PKCC, and this atypical protein kinase C is involved in
regulating multiple leukocyte functional activities [72, 73]. Previous studies have
shown that PKC( directly phosphorylates IKKp, activating IKKf, leading to the
degradation of IkB [74, 75].
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Morphine also induces the expression of TGFf [76] in human peripheral blood
leukocytes, and while this cytokine exhibits pleiotropic activities for the immune sys-
tem, it is predominantly immunosuppressive. Given the immunosuppressive nature of
this cytokine, it is possible that at least some of the reported negative effects of mor-
phine on cytokine expression may be mediated by the production of TGFp. We have
found that TGFf expression is induced following DAMGO administration to either
human peripheral blood leukocytes or purified blood monocytes [77]. Our studies
have shown that DAMGO also induces expression of both CCL5 and CXCR4 by
human peripheral blood T cells and monocytes [78, 79], and we have recently shown
that the upregulation of both CCLS5 and CXCR4 is dependent on the initial production
of TGFp by these cell populations [77]. Moreover, these studies showed that both T
cells and monocytes respond to TGFp treatment by upregulating CCL5 and CXCR4
expression. These results are interesting in view of the anti-inflammatory effects of
TGFp, since this cytokine is necessary for the upregulation of a pro-inflammatory
chemokine (CCLY5) and a potentially pro-inflammatory chemokine receptor (CXCR4).

In addition to the potential pro-inflammatory effects of morphine, this opioid has
been shown to promote neurodegeneration by weakening the integrity of the blood—
brain barrier (BBB). Mahajan et al. [24], working with an in vitro BBB model, have
shown that morphine inhibits the expression of the tight-junction zona occludin
(ZO) proteins, ZO-1 and occludin, and increases the expression of junctional adhe-
sion molecule (JAM)-1, leading to an increase in BBB permeability. These studies
also showed that morphine induces an increase in the transmigration of peripheral
blood leukocytes, suggesting the potential for increased traffic of inflammatory leu-
kocytes into the brain with morphine administration. More recent studies have
shown that morphine induces the expression of platelet-derived growth factor
(PDGF) from brain microvascular endothelial cells in an in vitro model of the BBB
[80]. This cytokine is a potent mitogen, exhibits chemoattractant activity, is highly
pro-fibrotic, and has been reported to impair BBB integrity during ischemic stroke
[81, 82]. The mechanism of BBB impairment mediated by PDGF is not clear, but it
is known that PDGEF is preferentially produced within the immune system by alter-
natively activated (M2) macrophages [83].

4 Neurodegeneration Mediated by Opiates
in Association with HI'V

A review of the effects of HIV infection, or the impact of HIV products, on the pro-
cess of neurodegeneration is beyond the scope of this review. These issues will be
discussed at length in other chapters of this book. However, the intersection between
the neurodegenerative activity of opiates and HIV products will be discussed.
There is growing evidence that the combination of HIV infection and opiate drug
abuse creates a heightened level of neurodegeneration compared with HIV or opiate
use alone. Of course, mu opiates are well documented to alter the functional activity
of neurons, microglia, astrocytes, neuronal precursors, and oligodendrocytes [84—99].
This is not altogether surprising, since each of these cell populations expresses MOR,
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albeit with diverse levels of expression in the various regions of the brain. However,
the combination of HIV infection (and the release of HIV products into the brain
milieu), with mu opiates, appears to target primarily the astrocytes and microglia and
induce much greater pro-inflammatory and neurotoxic activity (reviewed in [100]).

4.1 Glial and Neuronal Cell Populations

Microglia play a critical role in HIV neuropathogenesis, and extensive activation of
these cells (and infiltrating perivascular macrophages) is a common feature of the
neurodegeneration associated with HIV infection [101, 102]. It is well known that
the presence of activated macrophages and/or microglia correlates with the severity
of the HIV-associated neurocognitive disorders (HAND); in fact, this correlation is
stronger than the number of HIV-infected cells or viral load [103—106]. Both mac-
rophages and microglia are subject to regulation mediated through opioid receptors,
and these cells can exhibit substantial changes in functional activity with opiate
administration. Experimental animal work has shown that systemic treatment with
morphine induces an increase in the infiltration at sites of intrastriatal Tat injection
[89]. These results are in agreement with published findings which show an associa-
tion between increased numbers of microglia in the gray matter of the thalamus and
hippocampus and encephalitis in opiate abusers [107]. Moreover, the accumulation
of microglia expressing major histocompatibility complex type II (MHC II) and
CD68 is increased in opiate abusers, when compared with non-abusers [108].
Astrocytes perform an essential set of functions in the development and mainte-
nance of the brain and are important for the integrity of the BBB. Astrocytes are not
susceptible to productive HIV infection (unlike macrophages and microglia), but
these cells are important targets for the neurotoxic products of HIV. Astrocytes can
exacerbate the neurodegenerative effects of HIV products by releasing mediators
with potential toxicity such as nitric oxide, neurotransmitters, and pro-inflammatory
cytokines, and collectively these serve to promote the HIV-mediated neuropathol-
ogy. Of course, astrocytes also express opioid receptors, and morphine can aug-
ment, or accelerate, the neurotoxic activity of certain HIV products. For example,
morphine administration together with HIV Tat can result in augmented cytokine
and chemokine expression and, potentially, astrocyte death [90, 99]. Astrocytes are
a major source of several of the chemokines within the brain, and opiate modulation
of the expression of these mediators is an important aspect of the intersection
between opioid receptors and the inflammatory response. The effects of opiates in
combination with either HIV infection, or HIV products, will be discussed below.
The neurodegeneration observed in association with HIV infection leads to syn-
aptodendritic injury which resembles the damage observed in other neurological
diseases including Alzheimer’s disease, Parkinson’s disease, and amyotrophic lat-
eral sclerosis [109-111]. The normal synaptodendritic network is characterized by
highly complex and branching dendrites. However, in HIV encephalitis, the den-
drites exhibit pruning, with dendritic beading, atrophy, and vacuolization [112].
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Nevertheless, while this damage is typically sublethal, it is likely to contribute to the
neurobehavioral deficits which are characteristic of HAND [113, 114]. At the same
time, neuronal loss is a characteristic of HIV-associated neuropathology, and this is
likely due to bystander effects mediated by reactive oxygen species and other neu-
rotoxic products released from astrocytes and microglia [115-118]. Nevertheless,
recentreports suggest that opiate abuse exacerbates the HIV-induced synaptodendritic
damage and promotes the development of more severe neurobehavioral abnormali-
ties [100, 119]. It should be pointed out that several reports have described the abil-
ity of MOR agonists to lessen the complexity of dendrites and diminish the density
of dendritic spines [38, 120, 121].

Neurons appear to be directly susceptible to the HIV products Tat, gp120, and
vpr, and the release of these products into the brain interstitium can result in neuronal
damage [122-126]. Since neurons are not a source of productive HIV infection, the
source of these products is primarily perivascular macrophages and microglial cell
populations. This serves to highlight the fact that HIV-associated neurodegeneration
is the product of glial transmission of neurotoxic products to the neuron [100].
Because the microglia express opioid receptors, these cells respond to treatment with
exogenous opioid agonists and exhibit altered glial cell function. Recent reports sug-
gest that opiate exposure reduces the level of HIV products which are required to
trigger more pronounced neuropathology [87, 127]. Moreover, these studies show
that morphine administration exacerbates the neurotoxicity of HIV Tat and gp120.

It is clear that p-opioid agonists can also promote a neurodegenerative outcome
through indirect effects mediated through changes in the levels of various neu-
rotransmitters. For example, HIV Tat activates astrocytes leading to potent cytokine
and inflammatory mediator release leading to restrictive glutamate uptake [90, 128].
HIV gp120 induces a similar astrocyte inflammatory response, and the combination
of either of these HIV products and morphine enhances these responses, exacer-
bates the glutamate release, and reduces the glutamate excitotoxic threshold [129,
130]. In addition, several drugs of abuse, including the opiates, induce an increase
in the levels of dopamine in the CNS. Morphine induces a twofold increase in levels
of dopamine in the nucleus accumbens and caudate nucleus in rats [131]. Recent
reports suggest that an elevated dopamine level, or administration of exogenous
dopamine, alters monocyte/macrophage and T cell function [132—-134]. Moreover,
recent work suggests that dopamine administration promotes the replication of HIV
in primary human macrophages [133]. In addition, the administration of either
L-DOPA (the precursor of dopamine) or selegiline (inhibitor of dopamine catabo-
lism) to SIV-infected macaques increases the SIV load in the brain [135, 136].

4.2 Inflammation and Immune Activation

As mentioned above, the capacity of MOR agonists to modulate the expression of
pro-inflammatory cytokines has been the subject of a great deal of research (reviewed
in [5]). The influence of opiates on chemokine expression is particularly important
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because these chemotactic cytokines are likely to be critical in the development of
HIV-associated neurodegeneration. On the one hand, these factors are important for
the traffic of infected monocytes across the BBB, and these cytokines may also
promote the migration of infected T cells to lymph nodes to promote contact with
noninfected target cells. The chemokines CCL2, CCL3, CCL4, CCL5, and CX3CL1
are chemokines that have been identified as contributors to the traffic of monocytes
across the BBB, and CX3CL1 is particularly important for the migration of CD16+
monocytes that are highly susceptible to HIV infection [118, 137]. This relatively
minor monocyte subpopulation that expresses both CD14 and CD16 has been
reported to expand during HIV infection [138—143], and increased percentages of
these cells correlate with HAD [144]. Monocytes and macrophages expressing high
levels of CD16+ have been reported to be preferentially infected with HIV in brain
tissue at autopsy [137]. In addition, the expression of the HIV co-receptor CCRS is
elevated on the CD 16+ monocyte subset [ 145]. Recent analysis of monocyte subsets
suggests that CD14+ CD16 cells exhibit a greater pro-inflammatory capacity, and
the CD14+ 16+ cells possess strong responsiveness to viral pattern recognition epi-
topes and perform “patrolling” activity [146].

It is widely accepted that CCL2 is critically involved in directing the migration
of infected monocytes across the BBB [147, 148]. With the accumulating inflam-
mation in the underlying brain tissue, there is activation of the vascular endothe-
lial cells in the BBB and secretion of IL-6 [149]. It is likely that the IL-6 produced
at the BBB accelerates the transit of monocytes across the BBB. Both the virus
infection and the accumulation of viral products induce elevated CCL2 expres-
sion from both the perivascular macrophages and astrocytes [150]. With greater
accumulation of infected monocytes and macrophages, there is an expanding
source of additional CCL2, resulting in biological amplification of the neuroin-
flammatory response.

As mentioned above, we have examined the effect of opiate administration on
the expression of CCL2 by human peripheral blood leukocytes and purified mono-
cytes [72, 77, 78]. In additional analysis, we also observed a significant induction of
the chemokines CCL5 and CXCL10 following mu opiate treatment in vitro, and we
suggest that the expression of these chemokines could promote the trafficking of
noninfected target monocytes or T cells to the site of infected cell populations [78].
These results are consistent with more recent studies with mice which show that the
combination of morphine and HIV Tat treatment of astrocytes upregulates the
expression of the chemokines CCL2, CCL3, and CCLS5 [88, 90]. These results sug-
gest that the accumulation of Tat in the brain drives a pro-inflammatory chemokine
response, and this response is accelerated by the administration of morphine.
Additional studies showed that the morphine exacerbation of Tat-induced CCL2
expression is diminished in CCL5-knockout mice, suggesting that the regulation of
CCL2 expression is mediated through a CCL5-dependent cooperative expression
process [96]. It should be pointed out that these results are in contrast to a report
showing downregulation of the expression of both CCL2 and CCL4 following mor-
phine treatment of normal human astrocytes [151]. Additional work will be required
to explain the divergent results in these studies.
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Inflammation is a fundamental component of the neurodegenerative processes
that are responsible for HIV-associated neurocognitive disorders. It is becoming
apparent that elements of systemic inflammation are an important part of HIV
pathogenesis, both in the CNS and the periphery [152-155]. Recent studies show
that systemic inflammation promotes the development of HAND, and the augmen-
tation of the pathology in the CNS can be independent of HIV replication [118, 147,
156]. For example, a recent analysis of a cohort of 922 HIV-infected subjects (the
Study of Fat Redistribution and Metabolic Change in HIV infection [FRAM] study
cohort) has shown that the pro-inflammatory biomarkers fibrinogen and C reactive
protein (CRP) are significant and independent predictors of mortality [155]. Indeed,
this study showed that these measures of inflammation retained predictive signifi-
cance independent of circulating CD4 counts. A second study with the Strategies for
Management of Antiretroviral Therapy trial showed a significant association for the
inflammatory biomarkers IL-6, D-dimer, and CRP with mortality [157]. The persis-
tent evidence of immune activation in these subjects, in the current highly active
antiretroviral therapy (HAART) era, has been proposed as a significant contributor
to disease progression [158]. The fact that chronic systemic inflammation is strongly
associated with morbidity and mortality suggests that anti-inflammatory therapeu-
tics may be beneficial as an adjunct to the standard ARV therapy currently in use.

The immune activation state that occurs with HIV infection and neurodegenera-
tion is due in large part to the microbial translocation that is now believed to be
common in these patients. Results from studies reported by Brenchley et al. [159]
suggest that during HIV infection, a breakdown in the follicle-associated epithelium
in the gut occurs, and this leads to translocation of gut flora through the gut wall,
resulting in entry of microbial products into the bloodstream. This process is associ-
ated with depletion of leukocytes from the Peyer’s patches and a loss of lympho-
cytes from the lamina propria and mucosa-associated tissue (MALT). In healthy
adults, approximately 80 % of the total lymphocytes of the body are contained
within the MALT, and depletion of cells from these lymphoid structures can result
in a substantial reduction of T cells following infection [160]. Recent analysis has
shown that circulating LPS, LPS-binding protein, and sCD14 levels correlate sig-
nificantly with progression of the disease, and monocytes obtained from these indi-
viduals exhibit a refractory response to LPS stimulation in vitro, suggesting that
these cells had been stimulated in vivo with LPS [159, 161, 162]. It is now apparent
that the toll-like receptor family is an important contributor to the persistent immune
activation. This is not surprising given the entry of microbial components into the
bloodstream following the gastrointestinal damage, but in addition, viral toll ligands
also participate in the activation of TLR7 [163, 164]. Work with mice has demon-
strated that sustained activation of TLR7 induces a state of chronic immune activa-
tion which resembles immune activation associated with HIV infection [165].

Studies reported by Hillburger et al. [166] have shown that mice treated with
morphine using slow-release pellets develop bacterial sepsis as a likely result of
microbial translocation. This study is particularly significant given the critical role
for microbial translocation in the process of immune activation observed with HIV
infection. However, this study did not examine the combined effect of morphine and
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HIV infection on the process of microbial translocation, and additional work on this
issue would be valuable for our understanding of the influence of opiate use on
immune status in HIV-infected patients.

The immune system is programmed to control the development of an inflamma-
tory response, in part, through the production of immunosuppressive mediators
such as IL-10 and TGFp. Indeed, both TGFf1 and IL-10 are upregulated in the CNS
of patients who suffer with neurodegenerative diseases such as multiple sclerosis
and Alzheimer’s disease, and TGFp is upregulated in the CNS of patients with
AIDS [167-170]. Analysis of brain tissue shows that TGFp is readily detectable in
macrophages, astrocytes, and microglial cells in the frontal cortex in patients with
AIDS [170, 171]. The production of TGFp in the CNS is considered anti-
inflammatory and protective since there is evidence that it attenuates the level of
astrocytosis which is characteristic of brain tissue in patients with HIV-associated
dementia. In vitro analysis with astrocyte cultures shows that TGFp inhibits cell
proliferation and reduces glutamine synthetase [170]. Administration of TGFf to
microglial cell cultures results in downregulation of proliferation in response to
either GM-CSF or M-CSF, and TGFp inhibits the microglial expression of a number
of pro-inflammatory cytokines and chemokines including IL-1, TNFa, CCLS, and
CXCLS8 [170, 171]. Moreover, TGFp appears to inhibit expression of both comple-
ment factor 3 and inducible nitric oxide synthase, two potentially neurotoxic factors
[172-175], and there are several reports which show that TGFp inhibits microglial
free radical production [176, 177]. Finally, TGFp has been shown to inhibit HIV
gp120-induced neuronal death, as well as calcium overloading, providing a degree
of neuroprotection in HIV-infected brain tissue [178].

Based on reports from several investigators, the activation of MOR by opioid
agonists appears to target TGFp expression in leukocytes. For example, morphine
treatment of human peripheral blood leukocytes downregulates the LPS- or PHA-
induced expression of TNFa, and this effect is attenuated with the addition of anti-
TGFp antibodies [179]. In addition, morphine administration to human peripheral
blood leukocytes upregulates TGFp expression in response to either PHA or LPS
[76]. More recently we observed that both human peripheral blood mononuclear
cells and isolated peripheral blood monocytes upregulate TGFp expression follow-
ing activation of MOR [77]. It should be pointed out that TGFJ can exert pro-
inflammatory activity in certain circumstances. For example, we have recently
reported that mu opiates induce the expression of the pro-inflammatory chemokine
CCLS5, and the induction of expression is dependent on the initial expression of
TGFp [77]. In addition, TGFp induces chemoattractant activity for monocytes and
upregulates the expression of LFA-1 and the fibronectin receptor on monocytes
[180—182]. These effects would be expected to promote adhesion of monocytes to
endothelial cells and potentially promote traffic of monocytes across the
BBB. Finally, there is evidence that TGFf can induce monocyte expression of sev-
eral pro-inflammatory cytokines [180, 183, 184]. While it is clear that the dominant
role of TGF is to dampen the inflammatory response, it should be appreciated that
the network of cytokines both in the periphery and in the brain can be quite com-
plex, and TGFf may exert a combination of effects as a part of a neurodegenerative
disease process.
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4.3 Interactions Between Opioid and Chemokine Receptors

It is well established that the chemokine receptors CCRS and CXCR4 are the major
HIV-1 co-receptors, and HIV strains can be distinguished based on the use of these
co-receptors for target cell attachment and infection. The gp120 region of the HIV
gp160 envelope protein possesses the capacity for binding to CD4, and one or more
of the co-receptors, and this dictates cellular tropism for the virus. Virtually all HIV
isolates from brain tissue use CCRS5 rather than CXCR4 for viral attachment and are
predominantly monocyte/macrophage tropic (RS strains). Both of these chemokine
receptors, and their chemokine ligands, are constitutively expressed in the brain.

Curiously, it appears that the expression of neuronal CXCR4 is upregulated, while
the expression of CCRS is reduced, in patients with HAND [185]. Both CXCR4 and
CXCL12 are critical contributors to the development of the brain and play important
roles in the maturation and maintenance of neuronal function in both the developing
and adult brain [186, 187]. In the mature adult brain, CXCL12 has been shown to
downregulate the expression of proapoptotic pathways and enhance neuronal sur-
vival [188, 189]. The role of CXCR4 in maintaining neuronal homeostasis is also
mediated by modulation of the subunit composition of the NMDA receptor. Activation
of CXCR4 leads to a reduction in the NR2B subunit of the NMDA receptor, and this
substantially reduces excitotoxicity [190]. While X4 gp120 binds and activates
CXCR4, the resulting signaling pathway is not identical to that which is induced by
CXCL12[191, 192]. Most notably, gp120 induces signaling elements which promote
apoptosis and lead to a greater level of neuronal damage and cell death [193, 194].

Chronic morphine administration has recently been shown to inhibit the expres-
sion of the MAP kinases ERK1/2 and potentially attenuate the antiapoptotic activity
of these kinases [195]. Moreover, morphine induces apoptosis in several regions of
the brain, including both the frontal cortex and hippocampus [196]. Morphine has
also been reported to significantly diminish dendritic spine complexity by reducing
dendrite length and spine density [121, 197, 198]. Recent studies suggest that mor-
phine mediates these effects on dendrite structure by attenuating the activity of the
neurogenic differentiation 1 transcription factor (NeuroD), which is required for
maintenance of dendritic spine stability [199]. As mentioned above, dendritic injury
is a common feature of HAND, and evidence that morphine promotes dendritic
simplification has significant implications.

The opioid receptors have the capacity to interact with the chemokine receptors
that are expressed both within the CNS and in the periphery. We have reported stud-
ies which show that the activation of MOR leads to a significant upregulation of
CCRS and CXCR4 expression by human peripheral blood monocytes and T cell
lymphoblasts [79]. This increase in the expression of CCR5 and CXCR4 was asso-
ciated with an increase in susceptibility to infection with RS and X4 strains of HIV-1,
respectively [79]. These results are consistent with earlier work which has demon-
strated that upregulation of co-receptor expression results in a corresponding
increase in HIV replication [200, 201]. Treatment with morphine has also been
reported to upregulate the expression of the chemokine receptors CCR2b, CCR3,
and CCRS5 by normal human astrocytes [151].
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In addition to the capacity of the opiates to regulate the expression of chemokine
receptors, there is considerable evidence that chemokine receptor function can be
regulated through the action of opioid receptors. One of the mechanisms for the regu-
lation of G protein-coupled receptor (GPCR) function is heterologous desensitization,
a process in which the activation of one GPCR by its ligand results in the cross-
inactivation of a second (unrelated) GPCR in the absence of the ligand for the second
receptor (reviewed in [202]). Our laboratory and others have demonstrated that MOR
can mediate cross-desensitization of several chemokine receptors, including CCR1,
CCR2, CCR5, CXCRI1, and CXCR2 [203, 204]. The biochemical basis for these
interactions involves the sequential activation of multiple kinases, which leads to the
activation of one or more members of the second messenger-dependent kinase family
[202]. In the signaling pathway between MOR and CCRS5, we have found that MOR
activates PKCC and this kinase phosphorylates and inactivates CCRS within a period
of less than 10 min [73]. The desensitization of CCRS5 induced by MOR inhibits
CCRS function as measured by loss of chemotactic activity or a calcium mobilization
response. In addition, HIV co-receptor function for cross-desensitized CCRYS is also
lost when analyzed with R5 (but not X4) strains of HIV-1 [204].

Examination of the cross-talk between a number of GPCRs has led to the con-
clusion that there is a hierarchy which defines the interactions between these recep-
tors [202]. In general, some GPCRs are strong cross-desensitizers but tend to be
less sensitive as targets for the desensitization. On the other hand, certain GPCRs
exhibit the opposite characteristics. For example, the formyl peptide receptor (FPR)
is a relatively strong desensitizer, but this GPCR is difficult to cross-desensitize.
Our laboratory has examined the interaction between MOR and CXCR4, and we
have found that MOR is unable to cross-desensitize this receptor through this sec-
ond messenger-dependent kinase pathway [204]. However, the Meucci laboratory
[194] has described a cross-talk process in neuronal cells in which the activation of
MOR results in inactivation of CXCR4, based on the loss of CXCR4 signaling
activity. Their studies showed that the cross-desensitization induced through MOR
resulted in the loss of the neuroprotective activity of CXCR4 in NMDA neurotoxic-
ity studies. These results suggest that the cross-talk induced through activation of
MOR would be very likely to contribute to the neurodegeneration associated with
HIV infection.

We have reported results which show that the cross-desensitization between
MOR and some susceptible chemokine receptors is bidirectional [205]. These stud-
ies show that MOR is cross-desensitized by CCR2, CCRS, CCR7, CX3CRI1, and
CXCR4, but not by CXCR1 or CXCR2. Moreover, the activation of CCR1, CCRS,
or CXCR4 results in the loss of MOR-mediated analgesic activity in vivo [205—
207]. These results suggest that in situations where the levels of pro-inflammatory
chemokines are elevated in the brain, the threshold for sensation of pain is reduced.
Clearly the neuroinflammation that is associated with HIV infection involves sig-
nificantly increased levels of many pro-inflammatory chemokines. It is well known
that heightened pain sensitivity (hyperalgesia) is associated with systemic inflam-
matory “flu-like” symptoms that include joint and muscle pain, fever, and somno-
lence [208, 209].
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Finally, the results from our laboratory indicate that the MOR-induced cross-
desensitization of CCRS is apparent within 10-15 min and persists for at least
4-6 h. As mentioned above, this results in a loss of CCRS5 co-receptor activity and
a substantial reduction in susceptibility to R5 HIV infection [204]. The cross-
desensitization of CCRS5 can be prolonged if the MOR activation is sustained, but
with acute opioid administration, the loss of co-receptor function is lost for the first
several hours. This is followed by an increase in co-receptor function and increased
RS HIV susceptibility at 24-48 h [79], and this persists for several days. This sug-
gests that the impact of opiates on RS HIV susceptibility is likely to be complex,
with confounding influences occurring at the level of co-receptor function.

5 Conclusion

The administration of opiates in the drug abuse population, in the context of HIV
infection, promotes most of the neurodegenerative processes that take place as a
part of the underlying viral infection. The brain would appear to be particularly
susceptible to these effects because of the abundant number of cells which express
MOR at relatively high levels. While opiates like morphine can exacerbate (or atten-
uate, depending on the conditions) systemic inflammatory processes, the data for
the effects of these opiates would appear to be much less certain for the brain. The
cells of the immune system in the periphery express much lower levels of the opioid
receptors, and the impact of opiate administration is much more variable outside of
the CNS. However, there are still many issues which need to be resolved in terms of
the influence of opiate abuse on the development and progression of HIV-associated
neurodegeneration. Of course, analysis of the progression of the disease in this
organ is difficult because of the absence of tissue for longitudinal studies. Moreover,
the drug-abusing population is very diverse, and controlled studies are extremely
difficult because of the absence of subjects who do not abuse additional drugs. In
fact, perhaps the most important questions that remain to be addressed will involve
analysis of the effects of drug combinations, since this situation is much more rel-
evant to the actual condition of patients. The most common drug combinations
which should be studied are the combinations of opiates with tobacco or alcohol.
The effects of these drug combinations on neurodegeneration in the context of HIV
infection are almost entirely unknown.
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