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Abstract
The chemokine CXCL12 and its receptor, CXCR4, regulate neuronal migration, differentiation,
and survival. Alterations of CXCL12/CXCR4 signaling are implicated in different
neuropathologies, including the neurological complications of HIV infection. Opiates are
important co-factors for progression to neuroAIDS and can disrupt the CXCL12/CXCR4 axis in
vitro and in vivo. This paper will review recently identified mechanisms of opiate-induced CXCR4
impairment in neurons and introduce results from pilot studies in human brain tissue, which
highlight the role of the protein ferritin heavy chain in HIV neuropathology in patients with
history of drug abuse.
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1: Introduction
Human immunodeficiency virus (HIV) continues to profoundly impact public health within
the United States and around the world. With over 50,000 new cases of HIV-1 infection
reported annually in the United States alone, the prevalence of individuals diagnosed with
HIV/AIDS is increasing steadily according to the most recent reports from the Centers for
Disease Control and Prevention (CDC, 2009). The social impact of HIV/AIDS
disproportionally affects males and overwhelmingly affects minorities, underscoring
disparities in risk factors and public health access across the socioeconomic spectrum (CDC,
2009). One such risk factor, illicit opiate abuse through intravenous drug use (IVDU),
increases the risk of HIV exposure but also accelerates disease progression and exacerbates
neurological involvement (Hu et al., 2005, Khurdayan et al., 2004, Hauser et al., 2006).
Given the success of combined antiretroviral therapy (cART) and efforts to broaden
treatment to include medically underserved areas, the average life expectancy of HIV
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positive individuals has been significantly extended (Harrison et al., 2010), revealing the
neurological impact of chronic HIV infection on an aging population (Valcour et al., 2004)
and highlighting the importance of identifying the molecular mechanisms essential to the
ability of opiates to promote neurological dysfunction.

2: HIV neuropathology and Drug abuse
The natural history of HIV infection, coupled with the typically poor central nervous system
(CNS) penetration of cART, predispose individuals for CNS complications over time.
Following an acute, systemic viremia HIV seeds numerous tissues in the body, including the
CNS, allowing it to harbor itself in an immunologically privileged environment and replicate
chronically (Ghafouri et al., 2006). The resulting infection within the CNS can remain
asymptomatic for years; ultimately leading to neuroAIDS or HIV associated neurological
disease (HAND). HAND can be subcategorized into three groups based on the nature and
severity of neurological symptoms: asymptomatic neurocognitive impairment (ANI); minor
neurocognitive disorder (MND); HIV-associated dementia (HAD) (Antinori et al., 2007).

Approximately 30% of HIV positive individuals, within developed countries, are
intravenous (IV) drug users (Donahoe and Vlahov, 1998, Hauser et al., 2005). The
molecular mechanisms underlying the neuropathogenesis of HAND are complex and
multifaceted, particularly in the context of opiate use (Ghafouri et al., 2006, Hauser et al.,
2006). While a substantial body of literature demonstrates the role of glia in promoting
neurotoxicity through the release of exitotoxic mediators and secretion of the toxic viral
proteins tat (Sabatier et al. 1991; Haughey et al. 1999), gp120 (Bansal et al, 2000; Lipton et
al, 1991; Meucci and Miller, 1996) and vpr (Rom et al., 2009, Jones et al., 2007), numerous
mechanisms of direct neuronal toxicity and dysregulation have emerged as a significant
contributor to neurological impairment. These include alteration of neuronal/glial signaling
via chemokine receptors, such as CXCR4 and CCR5, which are not only the primary HIV
co-receptors in vivo (Moore et al., 2004) but also regulate fundamental physiological
processes in the CNS (Rostene et al., 2007, Miller and Meucci, 1999, Gonzalez-Scarano and
Martin-Garcia, 2005, Miller et al., 2008).

The neurological impact of HIV infection can be detected, through functional magnetic
resonance imaging, even before neurocognitive symptoms appear (Ernst et al., 2002) and
changes that are independent of cell death, such as synaptodendritic injury, can be seen in
neurons of HIV patients (Ellis et al., 2007). This suggests that the neuropathology is
potentially reversible in its earliest stages. Though HIV neuropathology shares many of the
hallmarks of other neuroinflammatory diseases, some important differences appear to exist
when the HIV patient also abuses drugs. When compared to non-drug abusing HIV positive
individuals, drug abusing HIV-positive subjects show a greater frequency of HIV
encephalitis (brain inflammation with leuckocyte infliltration and glial activation) (Bell et
al., 2006, Davies et al., 1998), enhanced microglia activation (Arango et al., 2004), giant cell
formation (Martinez et al., 1995), and blood brain barrier disruption (Bell et al., 2006).
These neuropathological findings suggest that drug abuse, including opiates, target the CNS
creating an additive (if not synergistic) effect with HIV. However, due to the inherently
heterogeneous nature of drug abusing patient populations, the specific impact of opiate
abuse on neuronal function and survival has been difficult to ascertain in vivo. Developing
methodologies to untangle the complex network of interactions between host and viral
factors, within neurons in vivo, remains an active area of research.
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3: Regulation of neuronal CXCR4 by opiates
The chemokines are a family of small soluble proteins, between 8–10 KDa, which signal
through G protein coupled receptors (GPCRs) (Ransohoff, 2009). The alpha chemokine
CXCL12 and its specific receptor, CXCR4, play essential roles in cellular migration and cell
signaling during organogenesis as well as adulthood (Tran and Miller, 2003). CXCL12 is
constitutively expressed in the CNS and, during embryogenesis, secreted by mesenchymal
cells to guide the migration of CXCR4 expressing cells (Stumm et al., 2007, Tiveron and
Cremer, 2008, Tran and Miller, 2003). CXCR4 is widely expressed across brain regions,
such as the hippocampus, cerebellum and cortex, and can be found in all major cell types in
the brain including neurons, astrocytes and microglia (Li and Ransohoff, 2008, Stumm and
Hollt, 2007). A second CXCL12 receptor, CXCR7, has been identified and partially
characterized in recent years. However, CXCR7, which also binds the chemokine ITAC,
appears to signal primarily in a G-protein independent manner (Rajagopal et al., 2010) and
may also act as a CXCL12 scavenger (Boldajipour et al., 2008). The impact of CXCR7 in
the CNS, particularly in its ability to modulate the function of CXCR4 in neurons, has yet to
be determined. Importantly, studies using CXCL12, CXCR4 or CXCR7 knockout animals
have shown the primary role of CXCR4 in mediating the major physiological effects of
CXCL12 in the brain (Zou et al., 1998, Lu et al., 2002, Sierro et al., 2007).

Opioid receptors are also GPCRs, classified into three groups (μ, δ, κ) (Waldhoer et al.,
2004). Like chemokine receptors, opioid receptors are expressed in the CNS and immune
system (Peterson et al., 1998, Patel et al., 2006, Burbassi et al., 2008). The interactions
between the opioid and chemokine systems have been intensely studied in the immune
system and peripheral nervous system giving rise to our understanding of opiate-induced
immune suppression. Specifically, via a mechanism of bi-directional heterologous
desensitization, chemokine and opioid receptors can reciprocally influence each others (Law
et al., 2000, Wei and Loh, 2002, Cartier et al., 2005, Szabo et al., 2002, Steele et al., 2002).
However, the interactions between opioid and chemokine receptors in the CNS is less well
established, though recent studies have identified new mechanisms that may account for
alteration of neuronal CXCR4 signaling by opiates, as discussed later.

The functions of CXCR4 examined most intensively within neurons concern its ability to
promote migration/differentiation of neuronal progenitors and neuronal survival within a
toxic environment, as in the case of neuroAIDS. Several data show that stimulation of
neuronal CXCR4 by its natural ligand promotes phosphorylation (i.e. activation) of ERK
and Akt – thus supporting cell survival and function (Meucci et al., 1998, Khan et al., 2004).
Interestingly, our recent studies demonstrate that Mu opioid receptor (MOR) agonists, such
as morphine or DAMGO, inhibit CXCL12-induced activation of CXCR4 and stimulation of
downstream signaling through ERK and Akt (Sengupta et al, 2009). The opiate-induced
inhibition of CXCR4 requires de novo protein synthesis and up-regulation, within neurons,
of the protein ferritin heavy chain (FHC) – a negative regulator of CXCR4 (Li et al., 2006).
These data show that neuronal levels of FHC are augmented by MOR stimulation both in
vitro (i.e. neuronal cultures) and in vivo (i.e. rat brain) leading to CXCR4 impairment
(Sengupta et al., 2009). Recent findings in post mortem human brain are consistent with
these results (Figure 1). Briefly, formalin fixed, paraffin embedded tissue from the frontal
cortex of HIV patients were obtained from the National NeuroAIDS Tissue Consortium
(NNTC) and sectioned to 6–10 microns. Patients were groups based on HIV status and
documented neurological impairment (Control: HIV negative and no neurological
impairment, HIV: HIV positive status with no neurological impairment, HIV/HAD: HIV
positive status with significant neurological impairment). Adjacent tissue sections were
stained for FHC or CXCR4 as briefly reported in the figure’s legend and previously
described (Sengupta et al., 2009, Shimizu et al., 2007). In addition, an antibody that
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recognizes a ligand-induced phosphorylated form of CXCR4 (Woerner et al., 2005,
Sengupta et al., 2009) was used as indication of the receptor activation by CXCL12. The
percentage of stain-positive cells per total cells was counted for each subject and averaged
within each group. As reported in Figure 1A, an increase in FHC-positive cells was found in
the frontal cortex of HIV patients affected by neurological deficits (HIV/HAD).
Additionally, the levels of phospho-CXCR4 (pCXCR4) are significantly reduced in patients
with a history of HAD, while total levels of CXCR4 within the cortex are unchanged (Figure
1B). Taken together, these preliminary data suggest that FHC is induced in HIV
neuropathology and associated with a disruption in CXCR4 signaling.

4: Changes of Ferritin Heavy Chain in drug users
Ferritin is a widely expressed iron binding protein important for the sequestration and
storage of free iron within cells (Torti and Torti, 2002). Two components, ferritin heavy
chain and ferritin light chain, assemble in varying proportions to create the 24 subunit
protein. Translation of FHC and FLC mRNA are regulated by iron and cytokines, whereas
transcription of the two genes is selectively modulated by hormones and drugs, and during
cell differentiation (Torti and Torti, 2002). Within the CNS, FHC can be found in all cell
types but is predominately expressed by oligodendrocytes and microglia, whereas FLC is
not expressed in neurons (Cheepsunthorn et al., 1998, Connor et al., 1990). While initially
used as a sensitive index of systemic iron levels, ferritin has been shown to have abnormal
expression with numerous neuroinflammatory conditions including Parkinson’s disease,
Alzheimer’s disease, restless leg syndrome and neuroAIDS (Verde Mendez et al., 2003,
Deisenhammer et al., 1997, Knovich et al., 2009). Our recent work, examining the role of
FHC in opiate abuse and neuroAIDS, has focused on a few different methodological
approaches to assess the expression of FHC within the human cortex, in the context of both
opiate abuse and neuroAIDS, and its ability to disrupt CXCR4 signaling within cortical
neurons in vivo. Initial studies in post mortem human tissue suggest that opiate abuse
increases FHC levels within the frontal cortex and that FHC is found within neurons.
Specifically, immmunohistochemistry using a FHC specific antibody, showed a marked
increase in the percentage of FHC-positive cells within the cortex of patients with a history
of drug abuse (Figure 1C). As reported in the figure, patients with a history of drug abuse
(mainly opiates) had approximately 10 fold greater FHC expression (~3% in controls vs
~30% in drug use). Interestingly, the increase in FHC expression occurs in multiple cell
types, most notably oligodendrocytes and neurons (presented at The 9th Meeting of the
International Society of Neurovirology, Pitcher et al., 2009).

In an effort to better quantify changes in FHC in specific cell types, we have begun to
employ an imaging technique (i.e. multispectral microscopy) designed to quantify FHC
expression within particular cellular populations. Spectral un-mixing, or color
deconvolution, is a digital imaging technique that isolates discrete absorption spectra from
multiple overlapping chromogen dyes within a single slide preparation (Mansfield et al.,
2008, Levenson, 2008). This method allows to determine the specific co-localization of
multiple proteins with greatly enhanced specificity and reduced background, but also the
quantification of co-localization and sub-cellular localization. In this context, we are able to
stain a single tissue preparation with multiple markers or antibodies, each conjugated to a
different chromogen, and determine the degree of co-localization. In this example (Fig 2),
human brain tissue was stained with antibodies against the neuronal marker MAP2 and
FHC. Using the specific absorption spectrum unique to each chromogen/marker, the FHC
conjugated purple chromogen (VIP) and the MAP2 conjugated red chromogen (NovaRed)
are isolated to create a digital composite of the first image (Fig. 2B). After identifying a
neuron, based on morphology and positive MAP2 staining, it is digitally cropped (labeled as
“1”) and the co-localization of both MAP2 and FHC in each pixel is quantified by the
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Nuance software (CRi, Woburn, MA). A 48% overlap of FHC and MAP2 was observed (Fig
2C). As expected, the area of overlap (indicated by yellow) reveals distinct cytoplasmic
localization within the neuron, in line with predicted MAP2 expression; the consequence of
this FHC subcellular localization remains to be elucidated. These preliminary data are an
important proof of concept demonstrating FHC expression within human neurons and the
utility of advanced imaging approaches like multispectral microscopy to study its expression
in the diseased brain.

5: Molecular consequences of CXCR4 alteration
Different studies have shown that CXCR4 can regulate cell cycle proteins in both neuronal
and non-neuronal cells (Khan et al., 2005, Khan et al., 2003, Khan et al., 2008, Furukawa,
1998, Cashman et al., 2002, Lataillade et al., 2002, Brandimarti et al., 2004, Castedo et al.,
2002). In post-mitotic neurons cell cycle proteins, such as the retinoblastoma gene product
Rb and its downstream target E2F1, play crucial roles in neuronal differentiation and
survival (Khan et al., 2008, McClellan and Slack, 2007). Rb contributes to the assembly of
repressor complexes and inhibits the pro-apoptotic transcription factor E2F1 (Brandimarti et
al., 2004, Qiu and Ghosh, 2008). Rb also regulates expression of crucial components of
synaptic transmission, such as the NMDA receptor regulatory subunit NR2B (Qiu and
Ghosh, 2008). Interestingly, functional loss of Rb is associated with neuronal deficits in
vitro and in vivo (Clarke et al., 1992, Jacks et al., 1992, Lee et al., 1992) and several studies,
including ours, have shown alteration of the Rb/E2F1 pathway in neuroAIDS (Khan et al.,
2008, Jordan-Sciutto et al., 2002, Shimizu et al., 2007) - suggesting a link between altered
CXCR4 signaling and neurological deficits. Indeed, CXCL12 is able to elevate Rb RNA and
protein in rat cortical neurons and induce Rb-mediated transcriptional repression (Khan et
al., 2008). Furthermore, the Rb expression following CXCL12 stimulation is required for the
neuroprotective effect of CXCL12 in NMDA neurotoxicity assays (Khan et al., 2008). These
data are consistent with previous reports suggesting that a functional CXCL12/CXCR4 axis
is required for normal neuronal health (Guyon and Nahon, 2007). In line with these findings,
a recent study suggested novel functional consequences due to disruption of CXCR4/Rb
signaling, through the modulation of the NMDA receptor (Nicolai et al., 2010). The NMDA
receptor, is one of the glutamate receptors critical for normal neuronal function and,
therefore, important in physiological neurotransmission as well as excitotoxicity
(Burnashev, 1996, Sattler and Tymianski, 2001). The structure of the receptor follows a
common paradigm with two classes of subunits, one pair, the NR1 subunits (critical but not
susceptible to modulation) and a second pair of subunits, regulatory subunits termed NR2A–
D and NR3 A–B. These regulatory subunits are inducible, depending upon multiple factors
including extracellular stimulation. The subunit composition of the NMDA receptor directly
alters the biophysical properties of the channel and thus, the influx of ions (including
calcium) into mature neurons following glutamatergic stimulation. Hence, changes in the
subunit composition of the receptor directly affect neuronal function and survival. Our
recent data (Nicolai et al., 2010) show that the chemokine CXCL12 modulates expression of
the NR2B subunit of the NMDA receptor, which may have different implications on both
neuronal signaling and survival. These studies indicate that CXCL12 specifically inhibits
neurotoxic signaling via extrasynaptic NR2B-containing NMDA receptor, without impairing
physiological activity of the synaptic receptors. Importantly, the mechanism by which this
modulation takes place is contingent, at least in part, on epigenetic mechanisms, specifically
the regulation of histone deacetylase (HDAC) in response to CXCR4 stimulation (Nicolai et
al., 2010). By reducing the acetylation of histone tails in nucleosomes, HDAC favor
chromatin condensation and thus transcriptional repression (Kouzarides, 2007).
Consequently, the above findings mechanistically link, a stepwise, sequential series of
interactions whereby CXCL12 signaling is able to impact neuronal survival and
neuroprotection, possibly through its ability to regulate HDAC (Figure 3). Therefore, the
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CXCL12/CXCR4 signaling axis appears to have the potential for broad, sweeping
influences across neuronal pathways and neural networks including cell-to-cell
communication and cortical information processing through epigenetic modulation. Ongoing
studies in our lab are currently testing these hypotheses.

6: Conclusions
Neurons are vulnerable to the dysregulation of CXCR4 by viral proteins and other factors,
including drug abuse. Both of these factors may contribute to the neuropathology and
cognitive decline seen in neuroAIDS. Several lines of studies suggest that opiates can
regulate FHC in the brain of HIV patients thus interfering with CXCR4 function. Ongoing
studies in our laboratory aim to test this hypothesis in order to establish the role of opiate
abuse in neuroAIDS and confirm the involvement of FHC in the modulation of the
CXCL12/CXCR4 axis within human neurons. Our current working model, schematically
reported in Figure 3, outlines a mechanism whereby the CXCL12/CXCR4 signaling axis is
able to promote neuronal function and survival through epigenetic regulation of the NR2B
subunit. We propose that disruption of this signaling by gp120 and/or FHC contributes to the
neuropathology associated with the opiate using HIV positive population.
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Figure 1. Ferritin heavy chain (FHC) expression within the human brain impairs CXCR4
activation and is correlated with drug use and HAD
A) Percentage of FHC+ cells in the frontal cortex of control, HIV, and HIV/HAD patients
(n=3/3/4) was determined by IHC (FHC Ab, Santa Cruz 1:50) *p<0.001. B) The same
groups of individuals were used to study expression of CXCR4 (12G5, 1:50) and pCXCR4
in adjacent sections, (Ser 339, 1:60) as reported in (Woerner et al., 2005) and (Sengupta et
al., 2009); *p<0.001. C) Percentage of FHC+ cells in frontal cortex of control subjects, i.e.
HIV negative, no drug use (HIV−/DU−), and HIV negative opiate users (HIV−/DU+) as
determined by IHC (FHC Ab, Abcam 1:100; n=2 and 6, respectively, for HIV−/DU− and
HIV−/DU+). Each point represents the average of about 10 microscopic fields.
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Figure 2. FHC co-localizes with neuronal marker, MAP2, in post mortem human brain tissue
A) Standard red-green-blue (RGB) photomicrograph of formalin fixed paraffin embedded
human brain stained with both neuronal marker (MAP2, Chemicon 1:250, conjugated to
NovaRed chromogen, red) and FHC (Abcam 1:50, conjugated to VIP chromogen, purple).
B) Un-mixing of chromogen absorbance spectra shows discrete staining pattern of both
MAP2 and FHC with co-localization in neurons as indicated in boxed region C) Digital
enhancement of boxed region shows co-localization of MAP2 and FHC, indicated by
yellow. Co-localization is quantified on a per pixel basis with 48% of MAP2 positive pixels
also FHC positive within the cropped region as indicated by the red boundary.
Bottom row of RGB photomicrographs show primary antibody controls for FHC and MAP2.
Samples include human cortex stained with FHC (Abcam, 1:50) conjugated to VectorBlue
chromogen (VB), blue, and/or MAP2 (Chemicon, 1:250) conjugated to NovaRed (NR)
chromogen, red. D) MAP2 negative control: Tissue preparation includes FHC Ab, FHC
2°Ab, VB & MAP2 2°Ab and NR but no MAP2 Ab. E) FHC negative control: Tissue
preparation includes FHC 2°Ab, VB & MAP2 Ab, MAP2 2°Ab and NR but no FHC Ab. F)
FHC & MAP2 dual stain: Neurons show strong cytoplasmic MAP2 staining with some
overlapping of FHC. Tissue preparation includes FHC Ab, FHC 2°Ab, VB & MAP2 Ab,
MAP2 2°Ab and NR.

Pitcher et al. Page 12

J Neuroimmunol. Author manuscript; available in PMC 2011 July 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Model of CXCL12/CXCR4 signaling regulating NR2B expression
Activation of the CXCL12/CXCR4 axis, and its subsequent regulation of the NMDA
receptor subunit NR2B is critical for neuronal activity and survival. This regulation is
partially dependent upon the regulation of the gene repressor protein Rb and its recruitment
of the chromatin modifying protein, histone deacetylase (HDAC). Additionally, both gp120
and ferritin heavy chain have been shown to disrupt the CXCL12/CXCR4 axis through
aberrant signaling via CXCR4 and heterologous desensitization via the μ opioid receptor,
respectively. Taken together, these data suggest the neuronal CXCL12/CXCR4 axis as a
complex system of regulation influenced by host, viral and epigenetic mechanisms.
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