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Abstract
The μ-opioid receptor (MOR) is known to undergo extensive alternative splicing as numerous
splice variants of MOR have been identified. However, the functional significance of MOR
variants, as well as how splice variants other than MOR-1 might differentially regulate HIV-1
pathogenesis in the CNS, or elsewhere, has been largely ignored. Our findings suggest that there
are specific differences in the MOR variant expression profile among CNS cell types, and that the
expression levels of these variants are differentially regulated by HIV-1. While MOR-1A mRNA
was detected in astroglia, microglia and neurons, MOR-1 and MOR-1X were only found in
astroglia. Expression of the various forms of MOR along with the chimeric G protein qi5 in
HEK-293T cells resulted in differences in calcium/NFAT signaling with morphine treatment,
suggesting that MOR variant expression might underlie functional differences in MOR-effector
coupling and intracellular signaling across different cell types. Furthermore, the data suggest that
the expression of MOR-1 and other MOR variants may also be differentially regulated in the
brains of HIV infected subjects with varying levels of neurocognitive impairment. Overall, the
results reveal an unexpected finding, that MOR-1 may not be the predominant form of MOR
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expressed by some CNS cell types and that other splice variants of MOR-1, with possible differing
functions, may contribute to the diversity of MOR-related processes in the CNS.
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Introduction
There is evidence to suggest that the μ-opioid receptor-1 (MOR-1) may have a direct role in
human immunodeficiency virus (HIV) type-1 (HIV-1) replication and pathogenesis (Li et al,
2003; Peterson et al, 1993; Peterson et al, 1994; Peterson et al, 1998; Peterson et al, 1990).
Prior studies suggest that opioids suppress immune function (Adler et al, 1993; Bidlack,
2000; Donahoe and Vlahov, 1998; Peterson et al, 2001; Roy et al, 2006; Sharp et al, 1998).
In addition to immune suppression, we and others have proposed that opioids might affect
the neuropathogenesis of HIV-1 in the central nervous system (CNS) through direct actions
of opiate drugs on opioid receptor-expressing neurons and glia within the CNS (Gurwell et
al, 2001; Hauser et al, 2005; Nath et al, 2000; Nath et al, 2002). The reported interactions
between MOR-1 activation and HIV-1 are thought to influence the disease in the CNS,
affecting the course of HIV-associated neurocognitive disorders (HAND), and enhancing
HIV encephalitis (HIVE) in opioid drug abusers (Anthony et al, 2005; Arango et al, 2004;
Bell et al, 1998). Additionally, the HIV-1 envelope glycoprotein 120 (gp120) has been
shown to up-regulate MOR-1 in TPA-differentiated HL-60 cells and human vascular
endothelium (Beltran et al, 2006; Cadet et al, 2001). Thus, increases in MOR-1 subsequent
to HIV infection may intrinsically modify (and perhaps even augment) the sensitivity and
consequences of opioid co-exposure. MOR-1 can also undergo heterologous cross-
sensitization with chemokine receptors that are involved in HIV infectivity and
inflammation (such as CCR5 and CCR2), which could affect processes such as HIV-cellular
binding and entry (Chen et al, 2004; Rogers et al, 2000).

Despite the identification of numerous splice variants of MOR, most studies examining
MOR in pain, addiction, and HIV interactions have focused on the canonical MOR-1 (for a
recent review on MOR-HIV interactions see (Regan et al, 2011)). However, a recent report
found that alternative splicing of MOR underlies the pruritic versus antinociceptive effects
of morphine (Liu et al, 2011), suggesting MOR-1 splice variants may also differentially
mediate HIV-related effects. More importantly, it is not known if or how HIV might
regulate MOR variants expressed on particular CNS cell types, and this could be of critical
importance to understanding HIV-related neurological complications. To address this gap in
understanding, we began to profile MOR splice variants expressed among human CNS cell
types, and made the novel observations that: (1) there are cell-type specific differences in the
MOR variants that are expressed by human astrocytes, microglia, and neurons; (2) the
expression levels of these variants may be differentially regulated by HIV-1; and, (3) there
may be differences in morphine-induced cellular signaling among these variants.
Furthermore, our profiling of MOR variants in individual CNS cell types suggests the
surprising finding that MOR-1A, rather than MOR-1, is the predominant form of MOR on
microglia and neurons. Astrocytes appear to co-express MOR-1, MOR-1A, and MOR-1X,
and all three variants are also expressed in human brain samples. In addition, our results
from human brain tissue of HIV infected subjects with varying levels of neurocognitive
impairment suggests that the expression levels of MOR-1 and other MOR variants may be
differentially regulated during the progression of disease. We hypothesize that these variants
may mediate MOR-related HIV effects such as morphine-induced viral replication and
MOR-dependent increases in inflammation by a mechanism separate from that of MOR-1.
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These findings should help us to more accurately define the mechanisms by which opioid
abuse exacerbates the progression of HIV-related complications. Expression of specific
MOR variants may make cells more vulnerable to HIV-opiate interactions in the CNS and
elsewhere.

Results
MOR is expressed on astrocytes, microglia, and neurons

To confirm that MOR was expressed on primary human CNS cell types, we performed
immunocytochemistry with an antibody whose epitope is within amino acids 1-15 of the N-
terminus of human MOR, and that will recognize most MOR splice variants, which differ
largely in the C-terminus. We found that MOR was indeed expressed on astrocytes,
microglia, and neurons (Fig. 1). However, as expected, most astrocytes and microglia
expressed MOR while only 5-10% of neurons were MOR-positive (data not shown). These
results confirm that MOR containing exon 1 is expressed on CNS cell types, but they do not
determine which specific C-terminal splice variants might be expressed.

MOR-1, MOR-1A, and MOR-1X are differentially expressed across CNS cell types
Having established that MOR containing exon 1 was expressed on CNS astrocytes,
microglia, and neurons, we next selected three specific C-terminal MOR splice variants to
examine in these cells. We assayed for the presence of one of the shortest (MOR-1A) and
longest (MOR-1X) C-terminal splice variants, as well as MOR-1, using specific PCR primer
sets (Bare et al, 1994; Pan et al, 2003) (Fig. 2a, b). Antibodies that detect these individual
variants are not commercially available. We first confirmed that MOR-1, MOR-1A, and
MOR-1X were present in the human neuroblastoma cell line SHSY-5Y (which is heavily
enriched in MORs), in a sample of whole human brain tissue, and using plasmids containing
the human cDNA of these variants as a positive control. The results showed that these
variants are expressed in human brain and that the primer sets used in our study (Table 1)
amplified PCR fragments of the expected relative sizes of the different variants examined
(Fig. 2c).

Having established the presence of the variants of interest in a human brain-derived cell line
and in whole human brain tissue, we next determined the expression profile of these variants
in individual primary human CNS cell types. Our results revealed that primary human
astrocytes co-express MOR-1, MOR-1A, and MOR-1X, while we were only able to detect
MOR-1A in microglia and neurons (Fig. 2d).

MOR-1, MOR-1A, and MOR-1X expression is differentially regulated by HIV-1 in individual
CNS cell types

Having determined the expression profile of MOR-1, MOR-1A, and MOR-1X in astrocytes,
microglia, and neurons, we next determined if the mRNA expression levels of the variants
we detected in the individual cell types might be regulated by HIV-1 treatment. We found
that HIV-1 treated astrocytes showed a trend towards increasing expression of MOR-1,
MOR-1A, and MOR-1X compared to untreated controls, whereas in microglia and neurons
we found a consistent downward trend in MOR-1A expression levels in response to HIV-1
(Fig. 3). However, these findings were only statistically significant in microglia. These
results suggest that in addition to MOR-1, the expression levels of other MOR variants can
also be regulated by HIV-1, which may be of critical importance to HIV-opioid interactions
in the CNS, and especially those with microglia.
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Morphine stimulates differential calcium/NFAT signaling of MOR splice variants
We next determined whether there might be a physiological significance to differential
expression and HIV-1 regulation of the identified MOR splice variants. HEK-293T cells
were co-transfected with plasmid constructs encoding MOR-1, MOR-1A, and MOR-1X or a
control vector as well as the chimeric G protein qi5 and a luciferase reporter under control of
a NFAT response element to serve as an indicator of calcium signaling (for a recent review
on calcium/NFAT signaling see (Putney, 2012)). In response to morphine treatment, MOR-1
and MOR-1X each showed statistically significant (~2-fold) increases in NFAT signaling
over vector control levels while MOR-1A signaling remained at control levels (Fig. 4a).
This suggests a differential calcium response among the splice variants, since NFAT
signaling is largely directed by changing calcium levels. To determine whether these
differences might be attributed to varying MOR expression, western blotting was performed
which showed relatively similar levels of expression for MOR-1, MOR-1A, and MOR-1X
(Fig 4b). Thus, our results suggest that the MOR variant expression profile of an individual
cell or a cell type can influence its response to morphine.

Expression of MOR splice variants in the brains of HIV infected subjects with varying
levels of neurocognitive impairment

To determine whether there might be a disease-relevant in vivo correlation of the MOR
variant heterogeneity that we observed in vitro, we obtained human brain tissue from
subjects included in the NNTC Gene Array Project (details of the project are described in
the Materials and methods). We found that there were statistically significant differences in
MOR-1 mRNA expression levels across the four groups of subjects (Fig. 5). Expression was
decreased in HIV infected subjects with neurocognitive impairment as compared to HIV-
negative controls, with a similar decreasing trend occurring in infected subjects without
impairment. Interestingly, HIV infected subjects with combined neurocognitive impairment
and HIV encephalitis (HIVE) showed an increase in expression of MOR-1 compared to HIV
infected subjects with and without neurocognitive impairment that was quite similar to HIV-
negative controls. Although MOR-1X had a pattern of expression similar to that of MOR-1
across the four groups of subjects, while MOR-1A showed a trend of increased expression in
infected subjects without neurocognitive impairment, we were unable to detect statistically
significant differences in the expression levels of these variants.

Discussion
In this study, we set out to determine whether the MOR-1A and MOR-1X C-terminal
MOR-1 splice variants are differentially expressed in the CNS compared to MOR-1, how
the expression of these variants might be regulated by HIV-1, and whether there might be
differences in cellular signaling among MOR splice variants. We were prompted, in part, by
the inherent diversity in μ-, δ-, and κ-opioid receptor expression among neurons, astroglia,
and microglia (Stiene-Martin and Hauser, 1991; Stiene-Martin et al, 2001; Stiene-Martin et
al, 1998; Turchan-Cholewo et al, 2008). Moreover, the range and diversity of responses
among neurons, astroglia, and microglia to MOR agonists alone or following HIV-1 co-
exposure suggest that more fundamental differences in MOR receptor-effector coupling
might exist among CNS cell types (Hauser et al, 2007; Hauser et al, in press). Accordingly,
we questioned whether opioid receptor splice variants might differ among cell types and
whether this might contribute to the multiplicity of opiate drug actions in the CNS. Our
analysis was limited to three MOR variants, and more extensive studies are needed to look
at other variants expressed in the CNS. We chose to examine MOR-1A and MOR-1X
because they possess some of the greatest differences in the length of their C-terminal tails
compared to MOR-1, and because all three variants are completely different in terms of
amino acid sequence at their C-termini. This approach was previously used to assess
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regional and functional differences of other MOR splice variants with similar discrepancies
in their C-termini found in mice (Abbadie et al, 2000; Koch et al, 2001). Thus, the MOR-1A
and MOR-1X variants are presumed to have some of the greatest potential differences in
interactions with intracellular proteins, and in cellular signaling. Interestingly, MOR-1A was
only detected in human microglia and neurons, while astrocytes co-expressed MOR-1,
MOR-1A, and MOR-1X transcripts. However, it is possible that MOR-1 and MOR-1X are
expressed at very low levels in microglia and neurons as well and were just below the level
of the parameters used for detection in our study. Nonetheless, our results suggest that the
variants we detected are the predominant forms expressed in the cell types examined and
that MOR splice variants can be non-uniformly distributed across cell types.

While the pharmacological effects of μ-, δ-, and κ-opioid receptor agonists and antagonists
on HIV-1 replication have been systematically characterized (Chao et al, 2001; Li et al,
2003; Peterson et al, 2001; Peterson et al, 1993; Peterson et al, 1994; Peterson et al, 1998;
Sharp et al, 2001), surprisingly few studies have attempted to assess the molecular basis by
which opioids affect the HIV-1 life-cycle. Cross-desensitization of MOR with HIV-1 co-
receptors such as CXCR4 and CCR5 suggests direct or downstream interactions whereby
MOR may affect viral entry (Chen et al, 2004; Grimm et al, 1998; Rogers and Peterson,
2003; Rogers et al, 2000). Moreover, no studies have attempted to examine the
pharmacogenetic relationship between MOR splice variants and HIV-1 replicative fitness.
Inherent differences in the contributions of MOR-expressing neurons, astroglia, and
microglia in the neuropathologic effects of opiate drug and HIV-1 co-exposure indicates that
the consequences of MOR activation are functionally distinct in each cell type (El-Hage et
al, 2005; Turchan-Cholewo et al, 2009; Zou et al, 2011). Determination of the MOR variant
expression profile in different cell types, and elucidation of the role of the identified variants
in relation to HIV-1, may be of critical importance to further defining these processes.

Exposure to the CXCR4-tropic IIIB HIV-1 strain resulted in a trend of equally increased
mRNA expression of MOR-1, MOR-1A, and MOR-1X ~30% in astrocytes, while MOR-1A
expression decreased 40% in microglia, with a similar downward trend seen in neurons.
However, the biological consequences of MOR up- or down-regulation in different cell
types are only speculative at present, especially since the only statistically significant effect
seen was MOR-1A down-regulation in microglia. Nevertheless, assuming all the above
changes had been significant, we speculate that MOR-1 and MOR-1X driven increases in
NFAT reporter activity caused by increases in calcium would promote pro-inflammatory
signaling in opiate drug and HIV-1 co-exposed astrocytes (El-Hage et al, 2008).
Alternatively, the down-regulation of MOR-1A (and possibly other MOR variants not
examined in this study) may serve as a protective mechanism against the direct (e.g.,
increased viral replication) and indirect (non-infectious, bystander effects) affects of HIV-
opiate drug interactions in microglia and neurons, respectively (Peterson et al, 1990;
Turchan-Cholewo et al, 2009). Interestingly, a prior study found that exposure to HIV-1 Tat
protein significantly increased MOR mRNA expression in primary rat microglia and a N9
microglial cell line, while MOR transcripts were unaffected by Tat alone in primary rat
astroglia (Turchan-Cholewo et al, 2008). Collectively, the results suggest that there are more
robust changes in MOR expression by microglia in response to HIV-1 or Tat protein than
astroglia. Although we initially surmised that microglia might show a more pronounced
response since they can be productively infected, the response to Tat suggests that MOR
expression is likely to be influenced by both bystander effects and through HIV-1 infection.

Although MOR can interact with the HIV-1 co-receptors CXCR4 and CCR5 through
downstream signaling, and may interact directly at the molecular level through the formation
of G protein-coupled receptor heterodimers (Burbassi et al, 2010; Chen et al, 2004), the
potential for heterologous CXCR4 interactions across different MOR splice variants has not
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been explored. Moreover, since the HIV-1 IIIB strain preferentially targets CXCR4, it is
possible that CCR5-tropic strains of HIV-1 would affect MOR expression differently.
Recent evidence from our laboratory indicates that neurotoxic interactions between
morphine and gp120 differ significantly depending on HIV-1 strain (Podhaizer et al, 2011).
As neurons are rarely infected by HIV, we attribute the effects seen on this cell type to
predominantly reflect viral interactions with cell surface receptors such as the HIV-1 co-
receptors CXCR4 and CX3CR1, and subsequent downstream signaling events (i.e.,
bystander effects subsequent to viral exposure and not infection) (Heinisch and Kirby, 2009;
Suzuki et al, 2011; Tran et al, 2005).

Interestingly, we found that we were able to detect differences in calcium signaling with
morphine treatment among the different variants examined. MOR-1 and MOR-1X showed
similar increases in calcium/NFAT signaling while MOR-1A signaling did not increase
above vector control levels. As MOR-1 and MOR-1X have longer C-terminal tails, they may
be more readily able interact with G proteins to initiate downstream cellular signaling events
compared to MOR-1A with its short C-terminal tail. Amino acid sequence differences may
also play a role in G protein interactions. As MOR-1A was found to be the predominant
form of MOR in microglia and neurons among the variants examined in this study, this
suggests the interesting hypothesis that the effects of morphine may be of the greatest
significance in astrocytes, or that the effects of morphine in microglia and neurons may be
mediated by yet another MOR splice variant, with MOR-1A acting as a “decoy” receptor.
Additional signaling pathways need to be examined to determine whether MOR-1A may
have roles in other cascades and if there is differential signaling between MOR-1 and
MOR-1X. Lastly, differences in the expression of MOR splice variants among glial cell
types may contribute to the occasional report suggesting that glia do not express opioid
receptors (Kao et al, 2012; Schwartz et al, 1994). As previously noted, astrocytes are
heterogeneous in their expression of MOR and a majority of astroglia lack the receptor.
When expressed by astroglia, for example, MOR is highly plastic and differs among brain
regions, stage of maturation, and in a cell cycle-dependent manner (Stiene-Martin et al,
1998).

Our analysis of MOR variants in HIV infected human brain tissue suggests that the
expression levels of MOR-1 vary at different stages of disease progression and/or with
varying levels of neurocognitive impairment, and that the same may be true for other MOR
variants as well. We found that MOR-1 mRNA expression was decreased in HIV infected
subjects with neurocognitive impairment compared to uninfected control subjects, with a
similar trend in unimpaired HIV infected subjects. Interestingly, HIV infected subjects with
combined neurocognitive impairment and HIVE expressed MOR-1 at levels near those of
uninfected subjects. These in vivo results suggest that differences in the expression of
MOR-1, and perhaps other MOR variants, might correlate with different states of
neurocognitive impairment and/or inflammatory indices associated with the HIV disease
process. However, more samples need to be analyzed to verify these preliminary indications
for MOR-1A and MOR-1X. Such differences in expression might be due to a number of
factors, including altered populations of cells or activation states during the course of the
disease process (for example, increased microglial and/or astroglial inflammation), as well
as to up- or down-regulation of specific variants within individual cell types. We noted
relatively high variation in our samples, which likely influenced the statistical significance
of the analyses. These could be related to differences across the brain regions analyzed, as
well as inter-subject variability due to gender, length of disease, HAART regimen, and other
influences. We propose that more well-matched samples may be needed to reveal the true
relationships between HIV and MOR splice variants in the HIV infected brain. Since
MOR-1 and MOR-1X were only detected in astrocytes in vitro, our in vivo results with
these variants are most likely to reflect expression within this cell type. As MOR-1A was
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found in all three CNS cell types, our results with this variant probably represent the
combined effects of astrocytes, microglia, and neurons. Since astrocytes are generally
thought to outnumber other cell types (and especially neurons) in the human cortex, the
changes in MOR variant expression in this cell type could mask effects that are occurring in
other cell types (Bass et al, 1971; Nedergaard et al, 2003). However, it is also possible that
the in vivo response of individual cell types to HIV infection/exposure may differ from that
of isolated cell types in culture. Other cells in the CNS, such as oligodendroglia, neuronal
and glial progenitor cells, and endothelial cells, may also contribute modestly to levels of
MOR variants in the brain and reactions to HIV. Yet another factor to consider is
heterogeneity of expression among individual astroglia as well as regional heterogeneity,
which has been shown to effect numerous measures including chemokine/cytokine
responses to HIV-1 Tat exposure (Fitting et al, 2010). Overall, tracking changes in vivo
during HIV disease progression may provide information that is not reflected in transient, in
vitro HIV models with isolated cell types because of temporal changes due to dynamic
interactions between cell types in vivo.

Besides alterations to the MOR C-terminus, it was recently shown that the variant MOR-1K,
lacking the N-terminal extracellular and first transmembrane domains, couples G proteins
and functions differently from MOR-1 (Gris et al, 2010). This underscores the point that
both the N- and C-termini of MOR may have important and varying functions, which could
be related to altered G protein coupling and/or other molecular interactions. Having
identified the variants MOR-1A and MOR-1X in different cell types, questions still remain
regarding the exact biological functions of these variants and how they differ from MOR-1,
and in particular MOR-1A as our data suggests that this is the predominant form of MOR
expressed in microglia and neurons. As PCR was used to detect the variants examined in
this study, future studies will be needed to confirm our findings using MOR variant-specific
antibodies. Most commercially available MOR antibodies are either raised to the N-terminus
of MOR or to an epitope specifically recognizing the C-terminal tail of MOR-1. An antibody
to the variant MOR-1C was reported to be cross-reactive with an unknown protein (Schnell
and Wessendorf, 2009). Development of antibodies with a high degree of specificity to
diagnostic amino acid sequences will be critical for the future evaluation of specific MOR-1
splice variants.

In conclusion, while it has been long recognized that specific receptors underlie
heterogeneous cell responses to opioid agonists and antagonists, our results suggest an
additional level of complexity. Expression of splice variants of MOR appear to differ among
cell types, and to result in differential activation of signaling pathways downstream of
calcium, and perhaps other regulators. These findings underscore the novel concept that
combined HIV and opiate co-exposure may cause cell-specific effects in particular cells or
cell types through interactions with specific MOR-1 variants, and that the interactions of
individual MOR variants with HIV may influence the progression of neuroAIDS. C-terminal
MOR-1 splice variants (and particularly MOR-1A) may mediate MOR-related HIV effects
in the CNS by a mechanism separate from that of MOR-1. Differences in the distribution
and expression of MOR splice variants across cell types and among individuals may
contribute to the differential susceptibility of some human sub-populations to opiate abuse
or opiate-HIV co-morbid interactions.

Materials and methods
Cell culture and virus treatment

Primary human astrocytes (catalog number 1800), microglia (catalog number 1900-f1), and
neurons (catalog number 1520) were obtained from ScienCell Research Laboratories
(Carlsbad, CA) and cultured according to the manufacturer’s instructions. HEK-293T cells
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(catalog number Q401) were obtained from GenHunter Corporation (Nashville, TN). HIV-1
direct-pelleted virus, CXCR4-tropic strain IIIB (catalog number 10-124-000) was obtained
from Advanced Biotechnologies, Inc (Columbia, MD). Cells were treated with HIV-1 at a
p24 equivalent of ~100 ng/well of a 24-well cell culture plate for 48 h.

RT-PCR
Total RNA was isolated using the miRNeasy Mini Kit (Qiagen, Inc.; Valencia, CA) and
used to generate cDNA templates by reverse transcription using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems; Carlsbad, CA) according to the
manufacturer’s instructions. PCR reactions were performed in a total volume of 20 μL
containing SensiMix SYBR qPCR reagents (Bioline USA, Inc.; Tauton, MA) using a
Corbett Rotor-Gene 6000 real-time PCR system (Qiagen, Inc.). PCR conditions consisted of
an initial hold step at 95 °C for 10 min followed by 40 amplification cycles of 95 °C for 5
sec, 55 °C for 10 sec, and 72 °C for 20 sec. Sequences of the primer sets used are listed in
Table 1. The specificity of the amplified products was verified by melting curve analysis and
agarose gel electrophoresis. Agarose gels were stained with ethidium bromide and images
were taken using a Kodak Image Station 440 (Kodak; Rochester, NY). qRT-PCR data were
calculated as relative expression levels by normalization against GAPDH or TATA-binding
protein (TBP) mRNA using the 2−ΔΔCt method (Livak and Schmittgen, 2001).

Plasmids
Cloning of human MOR-1, MOR-1A, and MOR-1X cDNAs were reported previously (Pan
et al, 2003; Ravindranathan et al, 2009). The coding regions of these genes were sub-cloned
into the pPTuner IRES2 vector (Clontech Laboratories, Inc.; Mountain View, CA) with the
N-terminal addition of a 3xFLAG epitope tag sequence using In-Fusion Cloning reagents
(Clontech Laboratories, Inc.). pcDNA1-qi5-HA vector encoding Gq alpha with the C-
terminal amino acids changed from Gq alpha to Gi alpha residues and an internal
hemaglutinin epitope tag (catalog number 24501) was obtained from Addgene, Inc.
(Cambridge, MA) and has been described previously (Conklin et al, 1993). pGL4.30[luc2P/
NFAT-RE] vector encoding the luciferase reporter gene under control of a Nuclear Factor of
Activated T-cell response element (catalog number E8481) was obtained from Promega
Corporation (Madison, WI).

Immunocytochemistry
Cells were fixed with 3.7% paraformaldehyde, permeabilized with 0.5% Triton X-100, and
immunolabeled. Cells were lastly stained with DAPI to reveal their nuclei. Primary
antibodies to MOR (Novus Biologicals, LLC; Littleton, CO; catalog number NBP1-31180),
GFAP (Millipore; Billerica, MA; catalog number MAB360), Iba-1 (Wako Chemicals USA,
Inc.; Richmond, VA; catalog number 019-19741), and MAP2a,b (Millipore, catalog number
MAB378) were all used at a 1:200 dilution. MOR was visualized with Alexa Fluor 594
(Molecular Probes; Carlsbad, CA; catalog number A-21207), GFAP and MAP2a,b with
Oregon Green 488 (Novex; Carlsbad, CA; catalog number O-6380), and Iba-1 with Alexa
Fluor 488 (Molecular Probes; catalog number A-11034) conjugated secondary antibodies,
all used at a 1:500 dilution. Samples were imaged using a Zeiss LSM 700 laser scanning
confocal microscope equipped with a 63x oil immersion objective. Images were collected
using ZEN 2009 Light Edition software (Carl Zeiss, Inc.; Thornwood, NY) and edited using
Adobe Photoshop CS3 Extended 10.0 software (Adobe Systems, Inc.; San Jose, CA).

NFAT-RE based calcium assay
HEK-293T cells were co-transfected with MOR, qi5, and luc2P/NFAT-RE plasmids using
polyethylenimine (Polysciences, Inc.; Warrington, PA; catalog number 23966) with
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induction of MOR protein stabilization using 1000 nM Shield1 (Clontech Laboratories, Inc.;
catalog number 632189). Twenty-four hours post-transfection cells were treated with 500
nM morphine and harvested 18 h later in Glo Lysis Buffer (Promega Corporation; catalog
number E2661), mixed in a 1:1 ratio with Bright-Glo Assay Reagent (Promega Corporation;
catalog number E2610), and luminescence was measured on a PHERAstar FS microplate
reader (BMG LABTECH, Inc.; Durham, NC).

Western blotting
Lysates from calcium assays were separated by SDS-PAGE for western blotting. Primary
antibodies to FLAG (Sigma-Aldrich, Inc.; Saint Louis, MO; catalog number F3165), HA
(Abcam, Inc.; Cambridge, MA; catalog number ab9110), and GAPDH (Santa Cruz
Biotchnology, Inc.; Santa Cruz, CA; catalog number sc-47724) were all used at a 1:1000
dilution. FLAG and GAPDH were visualized with Alexa Fluor 680 (Molecular Probes;
catalog number A-21057) and HA with IRDye 800CW (LI-COR Biosciences, Inc.; Lincoln,
NE; catalog number 926-32211) conjugated secondary antibodies, all at a 1:3000 dilution,
using the Odyssey Infrared Imaging System (LI-COR Biosciences).

Human brain tissue
Human brain tissue was obtained from the National NeuroAIDS Tissue Consortium (NNTC)
Gene Array Project (Morgello et al, 2001). Briefly, the array project consists of four groups
of subjects (HIV-negative, n=6; HIV-positive, n=6; HIV-positive with neurocognitive
impairment (HIV-positive/impaired), n=7; and HIV-positive with combined neurocognitive
impairment and HIV encephalitis (HIVE) (HIV-positive/impaired-HIVE), n=5) with
samples taken from three brain regions (frontal cortex, frontal lobe white matter, and basal
ganglia). Further details on the subjects and project can be found in Supplementary Tables 1
and 2 and at http://www.nntc.org/. Details on the samples used in this study can be found in
Supplementary Table 3.

Statistics
Statistical analyses were performed using GraphPad Prism 5 software (GraphPad Software,
Inc.; La Jolla, CA). Data derived from human brain tissue and luciferase assays were
analyzed by one-way ANOVA with Student Neuman-Keuls post-hoc tests. Data derived
from individual cell types was analyzed by Student’s paired, two-tailed t tests. A value of
p<0.05 was considered significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Appearance of MOR across human CNS cell types. Representative images of primary
human a astrocytes, b, c microglia, and d neurons immunolabeled for the N-terminus of
MOR (red) and their respective cell-type specific markers (green) (GFAP, Iba-1, and
MAP2a,b, respectively). DAPI (blue) staining indicates cell nuclei. DIC, differential
interference contrast microscopy
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Fig. 2.
Expression of MOR-1, MOR-1A, and MOR-1X in human brain and individual CNS cell
types. a Schematic representation of the 4 exons comprising the MOR-1, MOR-1A, and
MOR-1X genes. Arrows denote the locations of PCR primers used in this study in which a
common forward primer targeted exon 3 and the reverse primers targeted each variant-
specific exon 4 (sequences of the primers are listed in Table 1). b Schematic representation
of the MOR-1, MOR-1A, and MOR-1X proteins showing the differences in the amino acid
sequence encoded by the C-terminal exon 4. c PCR products amplified using primer sets for
the indicated MOR variants in SHSY-5Y cells and a sample of whole human brain tissue (p,
human plasmid cDNA of the specific variants served as a positive control). Note the
expected relative sizes of the bands. d MOR variants detected in primary human astrocytes,
microglia, and neurons by PCR with human brain tissue and plasmid cDNA serving as
controls. GAPDH served as a loading control.
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Fig. 3.
HIV-1 regulation of MOR variant expression in CNS cell types. qRT-PCR detection of
expression for the indicated MOR variants in untreated and HIV-1 treated primary human a
astrocytes, b microglia, and c neurons. Expression levels were determined by the
normalization to GAPDH mRNA and compared to levels in untreated control samples which
were set to a value of “1”. Error bars show SEM from at least 3 individual lots of cells. For
astrocytes, p=0.3537 for MOR-1, p=0.2121 for MOR-1A, and p=0.1251 for MOR-1X
expression levels when untreated and HIV-1 treated cells were compared. p=0.0295 for
microglia and p=0.1336 for neurons when MOR-1A expression levels were compared
between untreated and HIV-1 treated cells; *p< 0.05.
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Fig. 4.
MOR-1A differs in NFAT-RE mediated calcium signaling compared to MOR-1 and
MOR-1X. a HEK-293T cells co-transfected with plasmids encoding the indicated MOR
variants or control vector, the qi5 chimeric G protein, and a luciferase reporter under control
of a NFAT response element (RE) were examined for luciferase expression following
morphine treatment. Error bars show SEM from 5 independent experiments in triplicate
(n=15). F(3,56)=16.92, p<0.0001. *p< 0.05. b Western blotting of lysates from a for MOR
(FLAG) expression levels. Note the expected relative sizes of the bands. qi5 (HA) served as
a transfection control and GAPDH as a loading control.
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Fig. 5.
MOR variant expression levels in HIV-1-infected human brain tissue. MOR-1, MOR-1A,
and MOR-1X expression levels were examined by qRT-PCR across the indicated groups of
subjects. Expression levels were determined by the normalization to TBP mRNA and
presented as comparison with that in untreated samples which were set to a value of “1”.
Error bars show SEM. F(3,24)=4.95, p=0.0081 for MOR-1; F(3,24)=1.87, p=0.1611 for
MOR-1A; and F(3,24)=1.01, p= 0.4043 for MOR-1X. p=0.0805 when HIV-negative and -
positive groups were compared for MOR-1 by Student’s unpaired, two-tailed t test. *p<
0.05. Details on the numbers and anatomical regions of samples analyzed for each group of
subjects are listed in Supplementary Table 3
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Table 1

Primer sets used for PCR

Gene Forward primer Reverse primer

MOR-1 5′-CCCAACCTCTTCCAACATTGAGCAA-3′ 5′-AACGGAGCAGTTTCTGCTTCCAGAT-3′

MOR-1A 5′-CCCAACCTCTTCCAACATTGAGCAA-3′ 5′-CTAGAGACTGCGTACCTGATGATTAG-3′

MOR-1X 5′-CCCAACCTCTTCCAACATTGAGCAA-3′ 5′-GCTCTAGAGCCCAGCAAGACAG-3′

GAPDH 5′-CATGGCACCGTCAAGGCTGAGAA-3′ 5′-CAGTGGACTCCACGACGTACTCA-3′

TBP 5′-GCTGCGGTAATCATGAGGATAAGA-3′ 5′-TGAGCACAAGGCCTTCTAACCTTA-3′
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