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Abstract
Heroin use is postulated to act as a cofactor in the neuropathogenesis of human immunodeficiency
virus (HIV-1) infection. Astrocytes, integral components of the CNS, are reported to be susceptible
to HIV-1 infection. Upon activation, astrocytes release a number of immunoregulatory products or
modulate the expression of a number of proteins that foster the immunopathogenesis of HIV-1
infection. However, the role of heroin on HIV-1 infectivity and the expression of the proteome of
normal human astrocytes (NHA) have not been elucidated. We hypothesize that heroin modulates
the expression of a number of proteins by NHA that foster the neuoropathogenesis of HIV-1 infection.
We utilized LTR amplification and the p24 antigen assay to quantitate the effect of heroin on HIV-1
infectivity while difference gel electrophoresis (DIGE) combined with protein identification through
high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) to analyze the
effects of heroin on the proteomic profile of NHA. Results demonstrate that heroin potentiates HIV-1
replication in NHA. Furthermore, heroin significantly increased protein expression levels for protein
kinase C (PKC), reticulocalbin 1 precursor, reticulocalbin 1, tyrosine 3-monooxgenase/tryptophan
5-monooxgenase activation protein, chloride intracellular channel 1, cathepsin D preproprotein,
galectin 1 and myosin light chain alkali. Heroin also significantly decreased protein expression for
proliferating cell nuclear antigen, proteasome beta 6 subunit, tropomyosin 3, laminin receptor 1,
tubulin alpha 6, vimentin, EF hand domain family member D2, Tumor protein D54 (hD54), ATP
synthase, H+ transporting, mitochondrial F1 complex and ribosomal protein S14. Identification of
unique, heroin-induced proteins may help to develop novel markers for diagnostic, preventative and
therapeutic targeting in heroin using subjects.
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INTRODUCTION
Heroin is one of the most widely abused and rapidly acting opiates[1]. According to the 2004
National Survey on Drug Use and Health, approximately 3.1 million Americans ages 12 and
older reported trying heroin at least once during their lifetimes[2]. Parenteral drug abuse is a
significant risk factor for contracting human immunodeficiency virus (HIV-1) infection[3,4].
HIV-1-infected individuals who are injecting drug users may undergo an accelerated rate of
progression to acquired immunodeficiency syndrome (AIDS)[4–7].

Corresponding Author: Dr. Madhavan P. N. Nair, Ph.D., Professor, Department of Medicine, Div. of Allergy, Immunology and
Rheumatology, Department of Microbiology, Buffalo General Hospital, 100 High Street, Buffalo, NY 14203, Tel: 716 859 2985, Fax:
716 859 2999.

NIH Public Access
Author Manuscript
Am J Infect Dis. Author manuscript; available in PMC 2007 January 18.

Published in final edited form as:
Am J Infect Dis. 2006 ; 2(2): 49–57.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Several AIDS patients develop severe neurological symptoms referred to as HIV-1
encephalopathy (HIVE)[6]. HIVE is characterized by multinucleated giant cells, microglial
nodules and astrogliosis[6–9]. Macrophage and microglial cells are the primary sources of
HIV-1 replication in central nervous system (CNS)[10–12]. Astrocytes are also reported to be
susceptible to HIV-1 infection albeit at lower levels[13–17]. Astrocytes are integral components
of the CNS; they maintain a homeostatic environment and actively participate in a bi-
directional communication with neurons[13,18,19]. Upon activation, HIV-1 infected astrocytes
may spread the infection or induce cellular damage to neighboring cells of the CNS through
the release of viral and cellular products. Consequently, disruption of astrocyte function could
lead to severe neuropathogenesis. Because a significant number of astrocytes can be infected
with HIV-1 in the CNS and heroin may act as a cofactor in HIVE, we hypothesize that heroin-
induced increases in HIV-1 susceptibility and progression to HIVE are mediated via
dysregulation of specific proteins that foster the immunopathogenesis of HIV-1 infection.

In the present application, we studied the effect of heroin on HIV-1 susceptibility of normal
human astrocytes (NHA) by using LTR amplification and the p24 antigen assay and heroin-
induced differences in protein profiling of NHA cultures by the proteomic method of
Difference Gel Electrophoresis (DIGE). The identification of unique, heroin specific
responsive proteins by proteomic analyses may identify novel markers for diagnostic,
preventive and therapeutic targeting in heroin-using HIV-1 seropositive populations.

MATERIALS AND METHODS
Primary NHA cultures isolated from human fetal brain cortex tissue (3 independent cultures)
were obtained from Cell Systems (Kirkland, WA). NHA cells were initially grown in complete
Astrocyte Basal Medium (Cell Systems) as recommended by the manufacturer. Astrocytes
were plated in 6 well tissue culture plates at densities of 1x106cells mL−1 in DMEM + 10%
FBS. By immunocytochemistry, astrocytes were > 95% GFAP positive and were > 98% viable
by trypan blue exclusion criteria.

Drug treatment
A methanol solution of heroin-hydrochloride was purchased from Sigma-Aldrich (St. Louis,
Mo) which was subsequently diluted in media to the required concentrations. For all
experiments, cells treated with vehicle alone (media alone) was used as the untreated control.
NHA were treated with and without heroin at 10−6 to 10−9M for 24 hr.

Treatment of human NHA with HIV-1 Isolate
NHA were treated with heroin for 24 hr washed and then infected with native HIV-1 Ba-L
(NIH AIDS Research and Reference Reagent Program, Cat# 510) at a concentration of
10 3.5 TCID 50/ml cells, overnight and washed 3 times with Hank’s balanced salt solution
(Invitrogen, Grand Island, NY) before being returned to culture. A post infection period of 48
hr was used in the study to amplify the LTR-R/U5 region which represents early stages of
reverse transcription of HIV-1[20]. In separate experiments, NHA were treated with heroin for
24 hr, infected with HIV-1 Ba-L overnight and washed, cultured for 15 days. The culture
supernatants were quantitated for p24 antigen using a p24 ELISA kit (ZeptoMetrix
Corporation, Buffalo, NY) on day 15.

RNA extraction and Real Time, Quantitative PCR (Q-PCR)
Cytoplasmic RNA was extracted using an acid guanidinium-thiocyanate-phenol-chloroform
method[21]. The final RNA pellet was dried and resuspended in diethyl pyrocarbonate (DEPC)
water and the concentration of RNA was determined using a spectrophotometer at 260 nm.
DNA contamination in the RNA preparation was removed by treating the RNA preparation
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with DNAse (1 IU μg −1 of RNA, Promega, Madison, WI) for 30 min at 37ºC, followed by
proteinase K digestion at 37ºC for 15 min and subsequent extraction with phenol/chloroform
and NH4OAc/ETOH precipitation. DNA contamination of the RNA preparation was checked
by including a control in which reverse transcriptase enzyme was not added in the PCR
amplification procedure. The isolated RNA was stored at −70°C until used. Gene expressions
for protein kinase C substrate 80K-H, laminin receptor 1, chloride intracellular channel 1,
vimentin, 18s RNA (Ambion, Austin, TX) and β-actin were quantitated using Q-PCR (Table
1). Relative abundance of each mRNA species was assessed using the SYBR green master mix
from Stratagene (La Jolla, CA) to perform Q-PCR using the ABI Prism 5700 instrument that
detects and plots the increase in fluorescence versus PCR cycle number to produce a continuous
measure of PCR amplification. To provide precise quantification of initial target in each PCR
reaction, the amplification plot is examined at a point during the early log phase of product
accumulation. This is accomplished by assigning a fluorescence threshold above background
and determining the time point at which each sample’s amplification plot reaches the threshold
(defined as the threshold cycle number or CT). Differences in threshold cycle number are used
to quantify the relative amount of PCR target contained within each tube[22]. Relative mRNA
species expression was quantitated and expressed as transcript accumulation index (TAI=
2 − delta delta CT), calculated using the comparative CT method[23]. All data were controlled for
quantity of RNA input by performing measurements on an endogenous reference gene, β-actin.
In addition, results on RNA from treated samples were normalized to results obtained on RNA
from the control, untreated sample. As a control, 18s RNA was also used in amplification
procedure.

DIGE
After stimulation, cells were washed 2 times with 1X PBS (Invitrogen, Grand Island, NY).
Total protein was extracted using standard cell lysis buffer [30 mM TrisCl; 8 M Urea; 4% (w/
v) CHAPS, adjusted to pH 8.5] for 10 min on ice. Cell lysate was centrifuged at 4ºC for 10
min at 12,000 g and lysate was further purified by precipitation with chloroform/methanol as
described[24]. Samples were resuspended in standard cell lysis buffer. Final cell lysate protein
concentrations were determined using Coomassie Protein Reagent (Bio-Rad, Hercules Ca) and
used for protein determination by DIGE analysis. NHA cultured identically without heroin
served as the control.

Ettan DIGE technique developed by Amersham Pharmacia Biotech[25] was used to detect
differences in protein abundance between normal and experimental samples. The Ettan DIGE
system uses three CyDye DIGE fluors (Cy2, Cy3, Cy5), each with a unique fluorescent
wavelength, matched for mass and charge. CyDyes form a covalent bond with the free epsilon
amino group on lysine residues of the sample proteins. CyDyes label approximately 2% of the
lysine residues. This system allows for two experimental samples and an internal standard to
be simultaneously separated on the same gel. The internal standard is comprised a pool of an
equal amount of all the experimental samples. The use of an internal standard facilitates
accurate inter-gel matching of spots and allows for data normalization between gels to
minimize gel to gel experimental variability[25,26].

Cell lysates were labeled with CyDye as per the manufacturer. All reagents used were from
GE Healthcare (Amersham Biosciences, Piscataway, NJ) Briefly, 50 μg of cell lysate was
labeled with 400 pmol of either Cy3 or Cy5 or Cy2 (Cy2 was used to label the internal standard)
on ice for 30 min and then quenched with a 50 fold molar excess of free lysine. Cy3, Cy5 and
Cy2 labeled samples and unlabelled protein (500–800 μg) were then pooled. An equal volume
of 2X sample buffer was added [8 M Urea; 2% (v/v) Pharmalytes 3–10; 2% (w/v) dithiothreitol
(DTT); 4% (w/v) CHAPS] incubated on ice for 10 min. The total volume of sample was
adjusted to 450 μl with rehydration buffer [4% (w/v) CHAPS; 8 M Urea; 1% (v/v) Pharmalytes
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3–10 nonlinear (NL); 13 mM DTT]. Samples were applied to immobilized pH gradient (IPG)
strips (24 cm, pH 3–10 NL) and absorbed by active rehydration at 30 V for 13 hr. Isoelectric
focusing was carried out using an IPGphor IEF system with a three phase program; first phase
at 500 V for 1 hr, second phase at 1000 V for 1 hr and third phase (linear gradient) 8000 V to
64000 V for 2hr (50 uA maximum per strip). Prior to separation in the second dimension, strips
were equilibrated for 15 min in equilibration buffer I [50 mM Tris-HCl, 6 M Urea, 30% (v/v)
glycerol, 2% (w/v) SDS, 0.5% (w/v) DTT]. The strips were again equilibrated for 15 min in
the equilibration buffer II [50 mM Tris-HCl, 6 M Urea, 30% (v/v) glycerol, 2% (w/v) SDS,
4.5% (w/v) iodoacetamide] and the equilibrated IPG strips were then transferred onto 18 x 20
cm, 12.5% uniform polyacrylamide gels poured between low fluorescence glass plates. Gels
were bonded to inner plates using Bind-Silane solution according to the manufacturer. Strips
were overlaid with 0.9% agarose in 1X running buffer containing bromophenol blue and were
run for 16 hr (1.8 W per gel, overnight) at 15ºC, in Ettan DALT electrophoresis system. After
run was completed, the 2D gels were scanned three times with a Typhoon 9410 imager, each
time at different excitation wavelengths [Cy3, 580 BP 30/green (532 nm); Cy5, 670 BP 30/red
(633 nm); Cy2, 520 BP 40/blue (488 nm)]. Images were cropped in ImageQuant v5.2 and then
imported into DeCyder Differential In-gel Analysis (DIA) software v5.0 from GE Healthcare
for spot identification and normalization of spot intensities within each gel.

Gels were fixed in 30% (v/v) methanol, 7.5% (v/v) acetic acid for 3 hr and then stained with
SYPRO-Ruby dye (Molecular Probes, Eugene, OR) overnight at room temperature. Gels were
destained in water and then scanned using the Typhoon 9410 scanner. Spots of interest were
excised from the gel using the Ettan Spot Picker.

The DeCyder software (GE Healthcare) has been specifically developed for use with Ettan
DIGE. The DeCyder software allows for automatic detection of spots, background subtraction,
quantitation, normalization, internal standardization and integral matching. DeCyder, DIA
draws boundaries around spots in a composite gel image obtained from the intra-gel overlap
of the Cy2, Cy3 and Cy5 scanned images and normalizes the data from each CyDye to account
for differences in dye fluorescence intensity, scanner sensitivity. The abundance difference
between samples run on the same gel is then analyzed. The biological variation analysis (BVA)
component of DeCyder is then used to match all image comparisons from in-gel analysis for
a cross-gel statistical analysis. DeCyder BVA initially calculates normalized intensities
(“standard abundance”) for all spots by comparison to the internal standard and from this an
average volume ratio and a Student’s paired t-test derived p value are calculated for each spot.
A paired t-test derived p value of ≤0.05 was considered statistically significant[25,26].

HPLC-MS/MS
Excised spots were sent to the Proteomic Analysis Laboratory at the University of Arizona for
analysis. In-gel digestion and HPLC-MS/MS were performed as described in Breci et al.[27].
Briefly, gel slices were destained[27–29] and digested with trypsin[30]. The tryptic peptides were
extracted with 5% formic acid/50% CH3CN. HPLC was performed using a microbore system
(Surveyor, ThermoFinnigan, San Jose, CA). The HPLC column eluate was directed into a
ThermoFinnigan LCQ Deca XP Plus ion trap mass spectrometer. Automated peak recognition,
dynamic exclusion and daughter ion scanning of the two most intense ions were performed
using the Xcalibur software[31,32]. Spectra were scanned over the range 400–1400 mass units.
MS/MS data are analyzed using SEQUEST software and searched against the latest version of
the National Center for Biotechnology’s public non-redundant protein database[27]. Statistical
significance was determined using Student’s t-test (Sigmastat, SPSS Inc.). p <0.05 was
considered significant.
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RESULTS
Heroin enhances HIV-1 replication in NHA

Data presented in Fig. 1 show the stimulatory effects of heroin on HIV-1 replication in NHA.
NHA were treated with and without heroin for 24 hr, infected with HIV-1 Ba-L washed and
returned to culture for 48 hr at which RNA was subsequently extracted. The HIV-LTR-R/U5
region was amplified by real time, Q-PCR using primers specific for a 180 bp fragment of the
region as described[20]. This method is designed to detect early stages of reverse transcription
of HIV-1. Data show that heroin at 10−9 (TAI = 2.55, p = 0.001) 10−7 (TAI = 3.07, p = 0.001)
and 10−5 M (TAI = 3.20, p ≤ 0.001) significantly upregulated HIV-LTR-R/U5 region compared
to the untreated HIV-1-infected control culture (TAI = 1.0).

In subsequent experiments, NHA were treated with and without heroin for 24 hr, infected with
HIV-1 Ba-L washed and returned to culture for 15 days at which levels of p24 antigen were
measured. Data presented in Fig. 2 show the levels of p24 Antigen in the culture supernatants
of NHA infected with HIV-1 in the presence or absence of heroin (10−7 M). NHA infected
with HIV-1 in the absence of heroin produced 0.22 ng mL−1 of p24 Antigen whereas NHA
infected with HIV-1 in the presence of heroin significantly upregulated the production of p24
Antigen (0.91 ng mL−1, p = 0.002). Although NHA showed only low level of infection with
HIV-1 which is consistent with other studies[13,14], the production of p24 Antigen was
significantly upregulated by heroin and thus supports the LTR amplification as presented in
Fig. 1.

Heroin differentially induces the expression of several proteins in NHA as measured by
proteomic studies

Data presented in Fig. 3 show differences in protein expression between heroin treated and
untreated NHA cultures. Several protein spots were identified that were differentially
expressed. The protein spots were excised from the gel and identified by HPLC-MS/MS. Table
2 lists proteins that were identified by HPLC-MS/MS. The protein spots that were identified
by HPLC-MS/MS that had significantly increased expression levels (Table 3) in NHA treated
with heroin compared to control were: protein kinase C, reticulocalbin 1 precursor,
reticulocalbin 1, cathepsin D preproprotein, chloride intracellular channel 1, tyrosine 3-
monooxgenase/tryptophan 5-monooxgenase activation protein, myosin light chain alkali
smooth-muscle isoform and galectin 1. The protein spots that were identified by HPLC-MS/
MS that had significantly decreased expression levels (Table 3) in NHA treated with heroin
compared to control were: proliferating cell nuclear antigen, tropomyosin 3, proteasome beta
6 subunit, laminin receptor 1, tubulin alpha 6, vimentin, EF hand domain family member D2,
Tumor protein D54 (hD54), ATP synthase, H+ transporting, mitochondrial F1 complex, delta
subunit and ribosomal protein S14.

Heroin produces differential modulation of gene expression by NHA
The effect of heroin on mRNA levels of selected proteins was investigated for mRNA analyses
by Q-PCR. NHA were cultured for 24 hr with 10−7 M heroin, RNA was extracted, reverse
transcribed and cDNA was amplified by Q-PCR using the primers shown in Table 1. Data
presented in Fig. 4 show that heroin treatment had no effect on 18s control RNA gene
expression which is used as an internal control. However, gene expression for protein kinase
C (TAI = 1.89, p = 0.017) and chloride intracellular channel 1 (TAI = 2.52, p = 0.005) were
significantly upregulated following treatment of NHA with heroin compared to the untreated
control. Further, gene expression for laminin receptor 1 (TAI = 0.48, p ≤ 0.001) and vimentin
(TAI = 0.40, p ≤ 0.001) were significantly down regulated in heroin treated NHA compared
to the untreated control, confirming our proteomic analyses.
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DISCUSSION
Heroin use is postulated to act as a cofactor in the neuropathogenesis of HIV-1 infection.
Astrocytes are reported to be susceptible to HIV-1 infection[13–15]. Upon activation, astrocytes
release a number of immunoregulatory products or modulate the expression of a number of
proteins that foster the immunopathogenesis of HIV-1 infection. However, the role of heroin
on HIV-1 replication in NHA has not been elucidated. The current study demonstrates for the
first time that pretreatment of NHA with heroin prior to HIV-1 infection potentiates viral
replication as demonstrated by a significant increase in LTR–R/U5 gene expression as well as
increased p24 antigen levels compared to the non-heroin treated HIV-1 infection control. These
studies demonstrate that heroin potentiates HIV-1 replication in NHA and possibly acts as a
co-factor in HIV-1 neuropathogenesis. However, the mechanisms whereby heroin potentiates
HIV-1 replication in NHA have not been elucidated. We report that heroin modulates the
expression of a number of proteins by NHA that foster the neuropathogenesis of HIV-1
infection.

Protein kinase C (PKC) is a family of serine and threonine protein kinases that phosphorylate
a wide variety of protein targets and are involved in diverse cellular signaling pathways[33].
The current study demonstrates that heroin upregulates PKC protein expression in NHA.
Previous studies have shown that PKC phosphorylates the HIV-1 proteins Gag, Tat and
Rev[34–36]. Studies have also demonstrated that Tat-mediated transactivation of the viral LTR
promoter requires PKC suggesting that PKC may play a role in the transition of HIV-1 from
latency to productive growth[37]. Therefore, increased production of PKC induced by heroin
may induce latent HIV-1 infected NHA to become active viral producers.

Chloride channels are proteins that regulate stabilization of cell membrane potential,
transepithelial transport, maintenance of intracellular pH and regulation of cell volume[38].
Chloride intracellular channel 1 is localized to the cell nucleus and has both nuclear and plasma
membrane chloride ion channel activity[39]. The present study demonstrates that heroin
enhances protein expression for chloride intracellular channel 1 in NHA. Previous studies have
shown that Gp120 from HIV-1 viral strains JRFL (R5) and IIIB (X4) activate chloride channels
which are mediated by CCR5 and CXCR4[40]. The antiviral drugs AZT and acyclovir block
the swelling-dependent chloride current and chloride flux in fibroblasts[41]. Therefore,
enhanced infection of NHA by HIV-1 may be induced by increased chloride channel activity,
however future studies are necessary to determine this effect.

Cathepsin D is a lysosomal aspartyl protease released by several immune cells. Cathepsin D
is located in the acid endosomal/lysosomal compartment of immune cells and plays a pivotal
role in antigen processing[42,43]. Previous studies showed that polymorphonuclear cells
(PMNs) isolated from HIV-1+ patients have significantly higher cathepsin D activity than
normal controls and these cells are suggested to play a role in spreading HIV-1 infection to
neighboring cells[44]. Further studies have also shown that vaginal secretions contain cathepsin
D and exposure of lymphocyte cultures to these secretions increased HIV-1 replication in these
cells[45]. Furthermore, human breast milk also enhanced HIV-1 infection of lymphocyte
cultures which was inhibited by anti-cathepsin D antibodies or pepstatin A, an inhibitor of
cathespin D suggesting that cathepsin D may interact with gp120 to modify the affinity of
HIV-1 co-receptors thereby enhancing HIV-1 infectivity[45,46]. The current study demonstrates
for the first time that heroin enhances the expression of the preprotein form of cathepsin D in
NHA. The preprotein form of cathepsin D is cleaved to produce the active form of cathepsin
D. This increase in expression of the preprotein may ultimately lead to an increase in the
production of the active form of cathepsin D upon cell activation by HIV-1 in NHA. An increase
in cathepsin D activity may therefore increase the susceptibility of NHA to HIV-1.
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Galectin-1 is a member of a family of lectins that are defined by a shared amino acid sequence
in their carbohydrate recognizing domain and β-galactosidase affinity. Galectin-1 is widely
expressed in mammals including the lung, brain, heart, spleen and lymph nodes[47]. Galictin-1
is located both extracellularly and intracellularly. Galectin-1 modulates cell proliferation,
apoptosis, cell cycle arrest, cell-matrix adhesion and cell to cell adhesion[47–49]. Previous
studies demonstrate that galectin-1 acts as a soluble HIV-1 binding protein that can stabilize
virus-cell interactions and promote virus replication in PBMC and CD4+ T cells[50]. The
current study demonstrates that heroin upregulates the expression of galectin-1 in NHA perhaps
enhancing the susceptibility of these cells to HIV-1 infection by providing a mechanism of
virus to cell interactions. Future studies are necessary to determine the role of galectin-1 in
NHA infectivity.

Vimentin is an intermediate filament that plays a role in mechanical and biological functions
such as cell contractility, migration, stiffening and proliferation[51]. HIV-1 utilizes the host
cytoskeletal system for infection and replication. HIV-1 and HIV-2 proteases have been shown
to cleave vimentin[52–55]. Furthermore, cleavage of vimentin by HIV-1 proteases is necessary
for changes in chromatin organization and distribution induced by HIV-1[56]. In HeLa cells,
the HIV-1 viral infectivity factor (Vif) colocalizes with vimentin in perinuclear
aggregates[57,58]. Additionally, vimentin expression was shown to be decreased in SVGA-Tat
expressing cells[59]. The current study demonstrates that heroin decreases the expression of
vimentin in NHA suggesting that heroin can modulate the expression of host proteins
associated with viral infection.

In summary, we were able to identify several proteins in NHA that were differentially regulated
by heroin which directly or indirectly play a supportive role in the neuropathogenesis of HIV-1
infection. Further studies are needed to investigate the relationships of these proteins in the
neuropathogenesis of HIVE.
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Fig 1.
Effect of Heroin on LTR gene expression. NHA were treated with or without heroin
(10−5-10−9 M, 24 hr), infected with HIV-1 and then cultured for 48 hr. RNA was extracted and
reverse transcribed followed by quantitative, real time Q-PCR using primers specific for the
LTR region of the HIV-1 genome. Data are presented as the mean ± SD of 3 independent
experiments. Statistical significance was calculated by Students’ ‘ t’ - test
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Fig. 2.
NHA were treated with or without heroin (10−7 M, 24 hr), infected with HIV-1 and then
cultured for 15 days. The culture supernatants were quantitated for p24 antigen (ng mL−1)
using Retrotek, HIV-1 p24 ELISA from ZeptoMetrix (Cat # 0801111, Buffalo, NY) with a
minimum detection range of 1 pg p24 antigen mL−1. Data are presented as the mean ± SD of
3 independent experiments. Statistical significance was calculated by Students’ ‘t’ – test
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Fig. 3.
Two-dimensional analyses of heroin-induced differentially expressed proteins in NHA cells.
Cells (1 x 106 cells mL−1) were treated with 10−7M heroin for 24 hr. Total protein was isolated
and subjected to DIGE analyses as described in methods, (n = 3). Data are shown as a
representative 2D SYPRO-Ruby stained gel image of heroin treated NHA cells. Arrows
represent differentially expressed proteins. The pH increases from left to right and the
molecular mass decreases from the top to the bottom of the gels
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Fig. 4.
Heroin-induced changes in gene expression. Cells (1 x 106 cells mL−1) were treated with
10−7 M heroin for 24 hr. Total RNA was isolated and subjected to Q-PCR as described in
methods. Data are presented as the mean ± SD of 3 independent experiments. Statistical
significance was calculated by Students’ ‘ t’ - test
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Table 1
Primer sequences for Real Time Q-PCR

Primer Primer sequences

β-actin 5’, 5’-TGA CGG GGT CAC CCA CAC TGT GCC CAT CTA-3’
3’, 5-AGT CAT AGT CCG CCTA GAA GCA TTT GCG GT-3’

HIV-1 LTR RU/5 5’ 5′-TCT CTC TGG TTA GAC CAG ATC TG-3’
3’ ′-ACT GCT AGA GAT TTT CCA CAC TG-3’

protein kinase C 5’, 5’-TGA TTG TTG AGC ACC TCT CG-3’
3’ ′-GCC AGC AGA CAG AAA CTT CC-3’

chloride intracellular channel 1 5’, 5’-ACC ATG GCT GAA GAA CAA CC-3’
3’ ′CCC TTG AGC CAC AGT ACC AT-3’

laminin receptor 1 5’, 5’-GTT TGA TGT GGT GGA TGC TG-3’
3’ ′CGC TCC AGT CTT CAG TAG GG-3’

vimentin 5’, 5’-GAG AAC TTT GCC GTT GAA GC-3’
3’ ′TCC AGC AGC TTC CTG TAG GT-3’
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Table 2
NHA were cultured with and without heroin (10−7 M) for 24 hr (n = 3 independent experiments using 3 different
NHA cultures). Protein was extracted and subjected to DIGE as described in methods section. Data represent
statistically significant differentially expressed proteins (Student’s t-test) that were identified using HPLC-MS/
MS. Data are represented as protein name, gene accession number (Gi No.), theoretical isoelectric point (pI),
theoretical mass and function.

Spot # Protein Name Accession Number Theoretical pI Theoretical mass Biological function

1456 protein kinase C gi|4506067| 4.59 731215.07 kinase
2434 Myosin light chain alkali,

smooth-muscle isoform
gi|16924329| 4.56 16930.05 Regulatory light chain of

myosin
2235 proliferating cell nuclear

antigen
gi|4505641| 4.57 28768.78 Cell cycle control

protein
2331 Tyrosine 3-

monooxgenase/
tryptophan 5-
monooxgenase activation
protein

gi|4507953| 4.73 27745.10 signal transduction

2212 tropomyosin 3 gi|24119203| 4.75 29032.66 Cytoskeletal protein
2057 Laminin receptor 1 gi|9845502| 4.79 32854.08 Ribosomal subunit
2398 proteasome beta 6 subunit gi|23110925| 4.80 25357.72 Ubiquitin proteasome

system protein
1942 reticulocalbin 1 precursor gi|4506455| 4.86 38890.00 Calcium binding protein
1932 reticulocalbin 1 gi|4506455| 4.86 38890.00 Calcium binding protein
1804 tubulin alpha 6 gi|14389309| 4.96 49895.33 Cytoskeletal protein
2231 chloride intracellular

channel 1
gi|14251209| 5.09 26922.73 Intracellular ligand gated

channel
1160 Vimentin gi|2119204| 5.06 53651.68 Cytoskeletal protein
2417 EF hand domain family,

member D2
gi|20149675| 5.15 26697.28 unknown

2275 Tumor protein D54
(hD54)

gi|20141658| 5.26 22237.73 regulator of cell
proliferation

2502 Galectin 1 gi|4504981| 5.33 14715.70 beta-galactoside-
binding protein

2432 ATP synthase, H
+transporting,
mitochondrial F1
complex, delta subunit

gi|13325214| 5.38 17489.96 Transport protein

2223 cathepsin D preproprotein gi|4503143| 6.1 44552.22 aspartic protease
2374 ribosomal protein S14 gi|5032051| 10.07 16272.71 Ribosomal subunit
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Table 3
NHA were cultured with and without heroin (10−7 M) for 24 hr. Protein was extracted and subjected to DIGE
as described in Materials and Methods. Data represent statistically significant up and down regulated spots that
were identified using HPLC-MS/MS (n = 3 independent experiments using 3 different NHA cultures, Student’s
t-test).

Spot Number Protein Name Volume Ratio P value

Up Regulated Proteins
1456 protein kinase C 2.14 0.001
1942 reticulocalbin 1 precursor 1.96 0.05
1932 reticulocalbin 1 1.52 0.05
2231 chloride intracellular channel 1 2.58 0.001
2223 cathepsin D preproprotein 1.89 0.001
2331 tyrosine 3-monooxgenase/tryptophan 5-monooxgenasea

ctivation protein
3.85 0.0097

2434 Myosin light chain alkali, smooth-muscle isoform 2.62 0.024
2502 galectin 1 1.49 0.022
Down Regulated proteins
2235 proliferating cell nuclear antigen −1.82 0.033
2212 tropomyosin 3 −1.49 0.0063
2398 proteasome beta 6 subunit −1.45 0.01
2057 laminin receptor 1 −1.68 0.0029
1804 tubulin alpha 6 −1.58 0.0035
1160 vimentin −1.74 0.05
2417 EF hand domain family member D2 −2.36 0.0056
2275 Tumor protein D54 (hD54) −1.44 0.035
2432 ATP synthase, H+ transporting, mitochondrial F1

complex, delta subunit
−2.83 0.0069

2374 ribosomal protein S14 −1.54 0.0051
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