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Abstract

Pulmonary complications are common in both AIDS patients and cocaine
users. We addressed the cellular and molecular mechanisms by which HIV
and cocaine may partner to induce their deleterious effects. Using primary
lung lymphatic endothelial cells (L-LECs), we examined how cocaine and
HIV-1 gp120, alone and together, modulate signaling and functional proper-
ties of L-LECs. We found that brief cocaine exposure activated paxillin and
induced cytoskeletal rearrangement, while sustained exposure increased fibro-
nectin (FN) expression, decreased Robo4 expression, and enhanced the per-
meability of L-LEC monolayers. Moreover, incubating L-LECs with both
cocaine and HIV-1 gpl20 exacerbated hyperpermeability, significantly
enhanced apoptosis, and further impaired in vitro wound healing as compared
with cocaine alone. Our studies also suggested that the sigma-1 receptor
(Sigma-1R) and the dopamine-4 receptor (D4R) are involved in cocaine-in-
duced pathology in L-LECs. Seeking clinical correlation, we found that FN
levels in sera and lung tissue of HIV' donors were significantly elevated as
compared to HIV™ donors. Our in vitro data demonstrate that cocaine and
HIV-1 gp120 induce dysfunction and damage of lung lymphatics, and suggest
that cocaine use may exacerbate pulmonary edema and fibrosis associated
with HIV infection. Continued exploration of the interplay between cocaine
and HIV should assist the design of therapeutics to ameliorate HIV-induced
pulmonary disorders within the drug using population.

Introduction

Both cocaine use and HIV infection can damage the
lungs, resulting in pulmonary pathology. The etiology of
HIV- and cocaine-associated pulmonary dysfunction is
likely multifactorial (Afessa et al. 1998; Langa et al. 2003;
Rubin and Badesch 2005). Chronic inflammation, abnor-
mal accumulation of extracellular matrix (ECM) proteins,
and blood vascular impairment have been proposed to
play roles (Farber and Loscalzo 2004; Mirrakhimov et al.
2013). While lymphatic vasculature is essential for normal
lung function (Kulkarni et al. 2011; Jakus et al. 2014), to
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date, its role in HIV- and cocaine-induced pulmonary
pathobiology has not been studied.

In the central nervous system, cocaine binds to the dopa-
mine transporter and blocks the reuptake of dopamine.
Dopamine acts primarily through five distinct dopamine
receptors (D1-D5), which are broadly and differentially
expressed in various organ systems and tissues (Beaulieu
and Gainetdinov 2011). Dopamine receptors are classically
associated with the regulation of adenylate cyclase (AC),
cAMP, and protein kinase A (PKA) through G protein-me-
diated signaling in neurons. D1-class dopamine receptors
(DIR and D5R) couple with G proteins and induce AC to
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generate cCAMP and activate PKA. In contrast, when D2-
class dopamine receptors (D2R, D3R, and D4R) interact
with G proteins, signaling through AC and cAMP is inhib-
ited (Kulkarni et al. 2011). Recent studies have indicated
that other receptors, the sigma receptor and the N-methyl-
D-aspartate receptor, are also involved in cocaine-induced
effects (Yao et al. 2011a; Ortinski 2014). In particular,
sigma-1R functions as a signal adaptor and amplifier in
many cell types (Su and Hayashi 2003), and is believed to
play a role in neurodegenerative disorders, drug addiction,
and HIV infection and progression (Su and Hayashi 2003;
Roth et al. 2005; Yao et al. 2011c). Sigma-1R homozygous
mutant mice are fertile and no overt phenotype has been
identified so far; however, information on the lymphatic
system of these mice has not been investigated and
reported (Langa et al. 2003).

The time to greatest effect of cocaine depends on the
dose and route of administration of the drug. Injected
intravenously, onset of action is within seconds, and peaks
within 5 min. When snorted, cocaine is rapidly absorbed
through the pulmonary circulation and reaches the central
nervous system within seconds. As such, its effects begin
within 5 min and typically peak within 30 min. The half-
life of cocaine in blood is between 60 and 90 min (Caldwell
and Sever 1974; Inaba 1989; Cone et al. 1995).

Pulmonary edema is often found in individuals autop-
sied for cocaine-related death, and among those that test
positive for the drug at autopsy; many had interstitial
pneumonitis or fibrosis (Murray et al. 1989; Bailey et al.
1994; Drent et al. 2012). Moreover, interstitial fibrosis
associated with cocaine may progress even after drug use
stops, resulting in respiratory insufficiency and significant
mortality (Pare et al. 1989; O’Donnell et al. 1991). Both
in vitro and in vivo studies have demonstrated that
cocaine causes rapid vessel constriction by inducing the
release of endothelin-1 by ECs, and by inhibiting the
expression of vasodilators like nitric oxide (Hendricks-
Munoz et al. 1996; Kaufman et al. 2007; Pradhan et al.
2008). Prolonged exposure to cocaine results in vascular
ischemia, inflammation, hyperpermeability, and disrup-
tion of the vascular endothelial bed. Indeed, chronic
cocaine users show increased numbers of circulating ECs
and plasma markers of endothelial damage including C
reactive protein (CRP) and endothelin-1 (Meng et al.
2003; Saez et al. 2011). Cocaine can also modulate vascu-
lar permeability by inducing the expression of various
cytokines, including tumor necrosis factor « (TNF-a) and
platelet-derived growth factor f§ (PDGEF-f), and inhibiting
endothelium-derived prostacyclins (Lee et al. 2001; Yao
et al. 2011a). In addition, cocaine interferes with leuko-
cyte adhesion by regulating inflammatory mediators such
as IL-8 (Mao et al. 1997) and macrophage inflammatory
protein-1 (Nair et al. 2000), and key adhesion molecules
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including intercellular adhesion molecule 1(ICAM-1), pla-
telet endothelial cell adhesion molecule 1 (PECAM-1),
and vascular cell adhesion molecule 1 (VCAM-1) (Fiala
et al. 1998; Zhang et al. 1998; Chen et al. 2005).

HIV-induced pulmonary complications are well-docu-
mented (Inaba 1989; Hendricks-Munoz et al. 1996; Hen-
derson et al. 2004; Murray et al. 2013; Scourfield et al.
2014), and virus-encoded proteins, including gp120
(Ullrich et al. 2000; Kanmogne et al. 2005), Nef (Marecki
et al. 2006; Almodovar et al. 2011), Tat (Park et al. 2001),
and Vpu (Henderson et al. 2004) have been implicated in
pathogenesis due to their vasoactive effects on ECs. In par-
ticular, it is believed that altered protein trafficking in vas-
cular ECs and smooth muscle cells may contribute to the
pathogenesis of HIV-related pulmonary arterial hyperten-
sion (Sehgal 2013). Clinical and laboratory studies have
indicated that cocaine use enhance HIV-induced effects on
vascular endothelium (Lederman et al. 2008; Dhillon et al.
2011; Yao et al. 2011a, 2011b; Dalvi et al. 2014); Dhillon
et al. recently reported that lung tissue with signs of early
pulmonary arteriopathy from HIV' cocaine users
expressed elevated levels of PDGF and reduced levels of
tight junction proteins (TJPs) as compared with lung tissue
of HIV" individuals with no history of drug use (Dhillon
et al. 2011). Moreover, they demonstrated in vitro that
HIV-1 and cocaine induced reactive oxygen species and
activated signaling through the Ras/Raf/Erk1/2 pathway,
which may act to disrupt TJPs (Dalvi et al. 2014).

The lymphatic system is a unique vascular network that
acts in parallel with the circulatory system to regulate key
physiological functions, including fluid balance and the
immune response (Tammela and Alitalo 2010; Alitalo
2011). While its critical role in the homeostasis of tissues
and organs, including the lungs, has been addressed in
the literature (Jakus et al. 2014; McNellis et al. 2014; Yao
and McDonald 2014), pulmonary lymphatics have not
been studied in the context of cocaine and HIV. In our
previous studies, we demonstrated that HIV-1 gp120 can
disrupt the permeability and integrity of lung lymphatic
endothelial cell monolayers by modulating the expression
of fibronectin expression and its interaction with the
Slit2/Robo4 pathway (Zhang et al. 2012), and Slit2 can
alter L-LEC signaling and function through the VEGF-C/
VEGFR-3 pathway (Yu et al. 2014). These prior observa-
tions prompted us to investigate how cocaine may
partner with HIV to induce pulmonary lymphatic vascu-
lar damage and dysfunction. We used primary human
L-LECs to explore the in vitro effects of cocaine and HIV-
1 gp120, and examined human lung and serum specimens
from HIV" and HIV™ individuals to correlate findings
in vivo. Clarifying novel molecular mechanisms by which
cocaine and HIV contribute to lung damage and
pathophysiology may help design targeted therapeutics to
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prevent or ameliorate HIV-associated pulmonary disorders
in cocaine users.

Materials and Methods

Cells

Primary human L-LECs and primary dermal human
endothelial cells (d-HMVECs)
purchased from Lonza, Inc. (Allendale, NJ) and main-
tained in EBM-2 medium with EGM-2MV SingleQuots
(Lonza, Inc.). Cells were cultured in an incubator set to
37°C, 5% CO,, and 100% humidity.

microvascular were

Reagents

Recombinant HIV-1 gp120 protein was obtained through
the AIDS Research and Reference Reagent Program, Divi-
sion of AIDS, NIAID, NIH (Germantown, MD). The
experimental control of gpl20 was prepared by boiling
gp120 for 10 min to inactivate its protein activity while
preserving its inherent endotoxin activity. Slit2N was pur-
chased from PreproTech, Inc. (Rocky Hill, NJ). Cocaine
hydrochloride (#C5776) was obtained from Sigma-Aldrich
Corp. (St. Louis, MO). Double distilled water was the
vehicle control used for cocaine hydrochloride. Specific
inhibitors for the dopamine-4 receptor (Sonepiprazole
hydrate) and the sigma-1 receptor (Metaphit methanesul-
fonate salt) were purchased from Sigma-Aldrich. Anti-
phospho-NF«xB, anti-phospho-c-Src, anti-CCR5, anti-
CXCR4, and anti-albumin antibodies were purchased
from Cell Signaling Technology, Inc. (Beverly, MA). Anti-
phospho-paxillin, anti-D2-40, and anti-Robo4 antibodies
were purchased from Abcam Inc. (Cambridge, MA).
VEGF-C was purchased from R&D Systems, Inc. (Min-
neapolis, MN). All other antibodies were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).

Vascular permeability

We measured permeability by quantifying the transloca-
tion of FITC-conjugated dextran particles through L-LEC
monolayers in transwell chambers (Millipore Corp., Bed-
ford, MA). L-LECs monolayers were serum starved for
1 h, and then incubated with various concentrations of
cocaine for times indicated, or pretreated with HIV-1
gpl20 or its control for 2 h before incubating with
cocaine. Dextran particles were added to the upper cham-
bers and 5 min later, fluorescence in lower chambers was
assessed with a standard plate reader (BioTek Instru-
ments, Inc., Vinooski, VT). Percent permeability was cal-
culated as the relative fluorescence of media in lower
chambers of cocaine-treated or of HIV-1 gpl20 + co-
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caine-treated cells/fluorescence of media in lower cham-
bers of control-treated cells x 100. For assays exploring
the involvement of the D4 and sigma-1 receptors in per-
meability, L-LECs were serum starved as above, then pre-
treated with D4R inhibitor, sigma-1R inhibitor, or their
vehicle controls (DMSO and PBS, respectively) for 1 h,
before incubating the cells with cocaine or vehicle control
for 1 h, and proceeding as described earlier.

In vitro wound repair assay

L-LECs were seeded in 24-well plates, grown to conflu-
ency, and “wounded” with a pipette tip drawn across the
center of the monolayers. After washing three times with
1 x PBS and serum-free media to remove detached cells,
EBM-2 media (1% BSA) was added alone (Ctrl), or with
HIV-1 gp120, cocaine, HIV-1-gp120 + cocaine, or VEGF-
C. Images were captured just after wounding (0 h) and
48 h later, and wound area was measured using Image]
software (NIH, Bethesda, MD). Percent residual wound
area = (wound area after 48 h/wound area at 0 h) x 100.

Human sera and tissue specimens

All lung specimens were obtained from the National Dis-
ease Research Interchange (NDRI) (NIH, Philadelphia,
PA). Protocols and consent forms were approved by the
NDRI in accordance with an assurance filed with and
approved by the U.S. Department of Health and Human
Services. The serum samples from normal donors were pur-
chased from Sigma-Aldrich Corp. and the samples from
HIV" patients were provided by NDRI. The serum samples
were heat inactivated and prepared as described previously
(Tjotta et al. 1991) before western blot analysis.

Immunostaining

Lung tissue sections were prepared by the Pathology Core
of Harvard Medical School (Boston, MA) and used for
immunohistochemical staining as follows: (1) Deparaf-
finization was done in xylene (10 min, three times), fol-
lowed by 100% ethanol, 95% ethanol, 80% ethanol, and
50% ethanol (5 min, two times each). Tissue sections
were then rinsed with water and 1 x PBS buffer; (2)
Antigen retrieval was performed by boiling in 1 x anti-
gen unmasking solution (Vector Laboratories, Inc., Bur-
lingame, CA) for 30 min and allowed to cool to room
temperature. Tissue sections were then washed with water
and 1 x PBS; (3) Permeabilization was done by incubat-
ing slides in 0.1% Triton X-100 in 0.1% sodium citrate
for 30 min on ice. The tissue sections were then stained
with specific antibodies using the R.T.U. Vectastain®
Universal Kit followed by the DAB Peroxidase (HRP)
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Substrate Kit, per the manufacturer’s instructions (Vector
Laboratories, Inc.).

Confocal microscopy

Cells were cultured in eight-well chamber slides (Thermo
Fisher Scientific, Inc., Carlsbad, CA) and serum starved for
2 h, before treated with indicated agents. Subsequently,
cells were fixed with 4% (v/v) paraformaldehyde for at least
1 h at room temperature and permeabilized for 2 min on
ice. Cells were then incubated with primary antibodies or
their isotype controls overnight at 4°C, and washed three
times with 1 x PBS. Fluorescence-conjugated secondary
antibodies were added for 30 min at 4°C and the cells were
washed three times in 1 x PBS. Finally, the chambers were
removed and coverslips were affixed with mounting med-
ium containing DAPI (Vector Laboratories, Inc.). Slides
were examined under a Leica TCS-NT laser scanning con-
focal microscope (Leica Microsystems, Bannockburn, IL).

TUNEL (terminal deoxynucleotidyl
transferase dUTP nick end labeling) assay

L-LECs were incubated in culture media (0.5% BSA) with
various concentrations of cocaine alone for 24 h, or pre-
treated with HIV-1 gp120 for 2 h before incubating with
cocaine for 24 h. Cells were then fixed with 4%
paraformaldehyde and double-stranded DNA breaks labeled
using “In Situ Cell Death Detection Kit, Fluorescein”
(Roche Applied Science, Mannheim, Germany) per manu-
facturer’s protocol before capturing images. Percent
apoptosis = No. of apoptotic cells/total no. of cells per
randomly chosen frame (40x magnification). Data repre-
sent the mean £ SD of three independent experiments.

Cell stimulation, immunoprecipitation, and
western blotting

L-LECs were starved for 2 h in serum-free media, and
stimulated as indicated. Cells were then lysed in RIPA
buffer (Cell Signaling Technology, Inc.). Immunoprecipi-
tation and western blotting were performed as described
previously (Zhang et al. 2012).

siRNA transfection and assessment

D4R siRNAs and noncoding siRNAs, were purchased
from Santa Cruz Biotechnology, Inc. L-LECs were grown
to 80% confluence in tissue culture dishes and transfected
with specific siRNAs or control siRNAs using HiPerFect
transfection reagent from Qiagen, Inc. (Valencia, CA).
The knockdown efficiency was assessed by western blot
analysis, 48 h later.
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Data analysis

Each experiment was repeated at least three times, and
representative blots, images, or graphs are shown in
the figures. Student two-tailed, paired, T-test or
ANOVA were used to determine statistical significance
(as indicated). *P < 0.05 was considered statistically

significant.
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Figure 1. Cocaine modulates the permeability of L-LEC
monolayers. (A) Permeability, as determined by the translocation of
dextran particles through an L-LEC monolayer. Cells were serum-
starved for 1 h and then incubated with cocaine (1, 10, 100 umol/
L) for 2 h before assessing permeability. Data represent the

mean =+ SD of three independent experiments. *P < 0.05 by
ANOVA (analysis of variance test) for L-LECs incubated with cocaine
versus control (0). (B) Cells were serum starved for 1 h and then
incubated with cocaine alone (1, 10, 100 umol/L) for 18 h, or
pretreated with HIV-1 gp120 (200 ng/mL) for 2 h before incubating
with cocaine, and proceeding as in (A). Data represent the

mean =+ SD of three independent experiments. *P < 0.05 by two-
way ANOVA for L-LECs incubated with gp120 + cocaine versus
cocaine alone.
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Results about the effects of cocaine on pulmonary lymphatic
endothelium, alone or in the context of HIV-1 infection.
To examine this, we evaluated cocaine treatment on the
transwell migration of FITC-conjugated dextran beads
through primary, L-LEC monolayers. After brief incuba-
Cocaine has a potent vasoconstrictive effect on blood ves- tion (2 h), we found that cocaine decreased the perme-
sels (De Giorgi et al. 2012); however, little is known ability of L-LECs monolayers in a dose-dependent

Cocaine modulates the permeability of
L-LEC monolayers
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Figure 2. Cocaine-induced toxicity in L-LEC monolayers. (A) Cocaine induces cell death in cultured L-LECs. L-LECs were incubated with cocaine
alone (1, 10, 100 umol/L) for 24 h, or pretreated with HIV-1 gp120 (500 ng/mL) for 2 h before incubating with cocaine and then assessing cell
death by TUNEL assay. Data represent the mean + SD of three independent experiments. *P < 0.05, ***P < 0.001 (analysis of variance test)
for L-LECs incubated with HIV-1 gp120 + cocaine versus cocaine alone. (B) Representative staining images which were photographed under a
fluorescent microscope are shown. (C) Cocaine inhibits in vitro wound healing of L-LECs. L-LEC monolayers were scraped with a pipette tip and
then incubated with media alone (Ctrl), with gp120 (500 ng/mL), cocaine (10 pmol/L), gp120 + cocaine, or VEGF-C (50 ng/mL). Monolayers
were photographed and measured just after wounding (0 h) and 48 h later. Percent residual wound area = (wound area after 48 h/wound
area at 0 h) x 100. Data represent the mean + SD of three independent experiments. *P < 0.05, ***P < 0.001 (Student T-test) for control
versus all other conditions.
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manner (Fig. 1A). Conversely, when L-LECs were incu-
bated with cocaine for a longer time (18 h), the perme-
ability of L-LEC monolayers increased significantly in a
dose-dependent manner (Fig. 1B, “cocaine”). Such
cocaine-induced biphasic effects on lymphatic endothe-
lium are consistent with previous reports of vascular
spasm induced after a brief exposure to cocaine, and
ischemic injury after sustained exposure (Benzaquen et al.
2001). To assess the possible addictive effect of cocaine,
we chose a moderate dose of gp120, which alone did not
cause significant changes in permeability. We observed
that the combination of cocaine and HIV-1 gp120 signifi-
cantly enhanced the permeability of L-LEC monolayers
versus cocaine alone (Fig. 1B). Our data indicate that
in vitro cocaine may interfere with the permeability of L-
LEC monolayers, alone and in combination with HIV-1
gp120.

Cocaine induces cell death in cultured L-LECs

Cocaine can induce apoptosis in blood vascular endothe-
lial cells derived from various tissues (Zhang et al. 1998;
He et al. 2000; Dabbouseh and Ardelt 2011). To assess if
cocaine has similar effects on pulmonary lymphatic
endothelium, we incubated L-LECs with increasing con-
centrations of cocaine for 24 h, and measured cell death
with a TUNEL assay. We also examined the combined
effects of cocaine and HIV by incubating these cells with
HIV-1 gp120 for 2 h before adding cocaine, as described
earlier. We found that cocaine induced dose-dependent
cell death in cultured L-LECs (Fig. 2A and B), and that
the combination of cocaine and HIV-1 gp120 significantly
enhanced cell death, as compared with the effects of
cocaine alone (Fig. 2A and B). These data indicate that
cocaine induces cell death in L-LECs and that such an
effect can be enhanced by pre-exposure to HIV-1 gp120.

Cocaine and HIV-1 gp120 inhibit in vitro
wound healing of L-LECs

Vascular endothelial cells rapidly replicate to restore
endothelial continuity in the hours following vascular ves-
sel damage. Proliferation and migration can be initiated
by loss of contact inhibition, cell elongation, and growth
factors secreted by endothelial cells themselves and/or by
proximal cells (Lancerotto and Orgill 2014). To explore
the effects of cocaine and HIV-1 on vessel repair in
lymphatic endothelium, we generated artificial wounds by
scratching monolayers of L-LECs with a pipette tip, as
described previously (Albuquerque et al. 2000). The
monolayers were then washed with 1 x PBS and serum-
free media, and recultured with media alone (control), or
with cocaine and HIV-1 gp120, individually and in com-
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bination; VEGF-C served as a positive control. The
wounds were photographed and measured at 0 and 48 h
(Fig. 2C), and percent residual wound area was calculated
as described in the Materials and Methods section. Mono-
layers incubated with VEGF-C showed nearly complete
wound repair (Fig. 2C). Cocaine alone significantly inhib-
ited in vitro wound repair. The effect of HIV-1 gp120
alone was not statistically significant. However, the com-
bination of cocaine and HIV-1 gpl20 significantly
impaired wound repair, as compared with cocaine only.
These data indicate that cocaine and HIV-1 gpl20 may
partner to disrupt the healing of damaged pulmonary
lymphatic endothelium in vivo.

Sigma-1R and the D4R are involved in
cocaine-induced immediate effects in L-LECs

Cocaine can directly or indirectly interact with multiple
targets to affect cell signaling and function, including the
dopamine receptors, whose expression profiles in endothe-
lial cells vary depending on their tissue of origin (Beaulieu
and Gainetdinov 2011). To identify the receptors responsi-
ble for the effects of cocaine on lymphatic endothelium,
we first examined expression levels of the dopamine recep-
tors (D1IR-D5R) and of sigma-1R by western blot analysis
in L-LECs, d-HMVECs, and brain total cell lysate (Fig. 3).
While both types of endothelial cells expressed similar
levels of D2 and D3 receptors, L-LECs expressed sigma-1R
and D4R at significantly higher levels than d-HMVECs
(Fig. 3). These data are consistent with a recent report
demonstrating the expression of the D2, D3, and D4

Figure 3. Expression profile of dopamine receptors and sigma-1
receptor (o-1R) in L-LECs. Total cell lysates were harvested with
RIPA buffer for western blot analysis. L-LECs-1 and L-LECs-2 = 2
different lots of L-LECs; d-HMEVCs: dermal human microvascular
endothelial cells; Human brain total cell lysate (brain TCL) used as
positive control. GAPDH used as loading control.
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receptors in human aortic endothelial cells and umbilical
vein endothelial cells by RT-PCR (Ricci et al. 2006). Simi-
larly, we found that D1 and D5 receptor expression was
below detection in both L-LECs and d-HMVECs (Fig. 3).
Based on the prominent role of both sigma-1R and the
D4R in endothelial function previously reported and our
data, we further explored the contribution of these recep-
tors to cocaine-mediated effects in L-LECs.

To that end, we evaluated the effects of a specific sigma-
IR inhibitor on cocaine-modulated signaling in L-LECs.

A

B PBS

Cocaine Enhanced HIV Damage to Lung Lymphatics

Because cocaine can alter the cytoskeletal system in
endothelial cells and smooth muscle cells (Fiala et al. 2005;
Dhillon et al. 2008), and paxillin activation is known to be
involved in the cytoskeletal rearrangement of lymphatic
endothelial cells (Zhang et al. 2007; Jones et al. 2009), we
assessed the effect of cocaine on paxillin activation by
examining levels of phosphorylated paxillin in control-trea-
ted L-LECs (0 min), and in those incubated with cocaine
for 5 and 15 min by confocal microscopy (Fig. 4A). We
found that cocaine induced a dramatic, time-dependent

0-1R Inhibitor
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Figure 4. Sigma-1R is involved in cocaine-mediated effects in L-LECs. (A) Cocaine induces phosphorylation of paxillin in L-LECs. L-LECs were
serum-starved for 1 h and then incubated with vehicle control (O min) or 10 umol/L cocaine for 5 and 15 min. Green = phosphorylated paxillin;
red = nuclei. Scale bars = 20 um. Representative images shown. (B) The effect of sigma-1R inhibition on cocaine-induced phosphorylation of
paxillin and c-Src. L-LECs were serum-starved for 1 h, then pretreated with sigma-1R inhibitor (1 uM) or 1 x PBS for 1 h before incubating
with cocaine (10 and 100 umol/L) for 15 min. GAPDH used as loading control. (C) Permeability, as determined by the translocation of dextran
particles through an L-LEC monolayer. Cells were serum starved for 1 h and pretreated with sigma-1R (a-1R) inhibitor (1 umol/L) or 1 x PBS
for 1 h before incubating with cocaine (10 umol/L) or Ctrl for 1 h before assessing permeability. Data represent the mean + SD of three
independent experiments. *P < 0.05; ***P < 0.001 by Student T-test for permeability of monolayers treated with (PBS + Control) versus all

other conditions.
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increase in paxillin activation as compared with L-LECs
incubated with the vehicle control (Fig. 4A). However,
when L-LECs were pretreated with the sigma-1R inhibitor,
cocaine-mediated activation of paxillin was blocked. Inter-
estingly, cocaine-induced dephosphorylation of c-Src was
also partially reversed by the sigma-1R inhibitor (Fig. 4B).
Since paxillin and c-Src are key regulatory molecules in
endothelial cytoskeletal rearrangement and permeability,
our data strongly suggested the involvement of sigma-1R
in cocaine-mediated effects.

Next, we examined how sigma-1R may regulate
cocaine-induced lymphatic hypopermeability. We treated
L-LEC monolayers with a sigma-1R inhibitor or solvent
control for 1 h, incubated the cells with cocaine or con-
trol for 30 min, and assessed permeability as described
earlier. Cocaine consistently induced marked hypoperme-
ability in the L-LEC monolayers (Fig. 4C). Of note, the
sigma-1R inhibitor itself induced only a small decrease in
monolayer permeability and did not affect cocaine-in-
duced hypopermeability significantly (Fig. 4C).

Similarly, we utilized a specific inhibitor of the D4
receptor in order to study its role in cocaine-induced

A DMSO D4R inhibitor
0 10 100 0 10 100 Cocaine (umol/L)

I, -~
[ roso
| s o e w @ v | GAPDH

B 140
120
100
80 -
60 -
40
20 -

Permeability
(% of DMSO + control)

Control | Cocaine | Control | Cocaine

DMSO D4R inhibitor
Figure 5. D4R is required in cocaine-mediated effects in L-LECs.
(A) The effect of D4R inhibition on cocaine-induced

phosphorylation of paxillin and c-Src by western blot analysis. L-
LECs were serum-starved for 1 h then pretreated with D4R inhibitor
(1 pmol/L) or DMSO for 1 h before incubating with cocaine (10
and 100 umol/L) for 15 min. GAPDH used as loading control. (B)
Permeability was determined as described in Figure 4C. Cells were
serum-starved for 1 h and pretreated with D4R inhibitor (1 umol/L)
or DMSO for 1 h before incubating with cocaine (10 umol/L) or
Ctrl for 1 h before assessing permeability. Data represent the

mean =+ SD of three independent experiments. ***P < 0.001 by
Student T-test for permeability of monolayers treated with

(DMSO + Control) versus all other conditions.
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effects in L-LECs. We found that the blocking this recep-
tor reduced cocaine-induced activation of paxillin and
significantly blocked cocaine-induced dephosphorylation
of ¢-Src (Fig. 5A). When we treated L-LEC monolayers
with the D4R inhibitor or solvent control for 1 h, and
then incubated the cells with cocaine or control for
30 min, permeability of L-LEC monolayers decreased.
This was seen after a brief incubation time with cocaine;
however, when the cells were treated with the D4R inhibi-
tor, cocaine-induced hypopermeability was completely
reversed (Fig. 5B). Taken together, these data suggest that
D4R may participate in cocaine-mediated effects on
L-LEC permeability through regulating c-Src and paxillin.

Cocaine enhances the gp120-induced
fibronectin expression in L-LECs

Abnormal accumulation of ECM proteins, including EN,
in the interstitial space surrounding endothelial cells con-
tributes to pulmonary vascular dysfunction and fibrosis
(Rabinovitch 2001; Tuder et al. 2007). Cocaine can
induce the expression of several ECM proteins in human
endothelial cells (Gan et al. 1999; Yao et al. 2011c). We
and others have demonstrated that HIV-1, as well as
HIV-1 envelope protein gp120, induce FN expression in
endothelial cells derived from various tissue types, includ-
ing lymphoid tissues (Torre et al. 2000; Birdsall et al.
2004; Zhang et al. 2012). To characterize how cocaine
may modulate FN expression in lymphatic endothelial
cells, we measured its effects on FN levels in L-LECs (in-
soluble form) and in media (soluble form). L-LECs were
incubated with increasing concentrations of cocaine for
18 h before harvesting cell lysates. By immunostaining
and confocal microscopy, we confirmed cocaine-induced
FN expression in cultured L-LECs (Fig. 6A). To simulate
in vitro, the modulation of FN expression in HIV*
cocaine users, we treated L-LECs with cocaine or vehicle
control for 2 h before incubating cells with different con-
centrations of HIV-1 gp120 for an additional 18 h, and
measured FN levels in cell lysates and conditioned media
by western blot analysis. We found that HIV-1 gp120 sig-
nificantly increased FN expression in cell lysates in a
dose-dependent manner, and that cocaine enhanced this
HIV-1 gp120-induced expression (Fig. 6B and D, “FN
[TCL]”). Similarly, we treated L-LECs with HIV-1 gp120
or its control for 2 h before incubating cells with increas-
ing concentrations of cocaine for an additional 18 h, and
examined FN expression as above. We again found that
cocaine induced FN expression in cell lysates, and that
HIV-1 gpl20 enhanced this cocaine-induced effect
(Fig. 7A and C, “FN [TCL]”).

In these experiments, we observed an interesting
change in the conditioned media. The levels of soluble

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 6. Cocaine induces fibronectin expression in L-LECs. (A) Cocaine-induced FN expression in L-LECs by confocal microscopy. L-LECs were
cultured in chamber slides and incubated with cocaine or vehicle control (Ctrl) for 18 h before fixing and staining cells. Green = FN;

Blue = DAPI. Scale bars = 20 um. (B) The effect of cocaine on gp120-induced FN expression in L-LECs and conditioned media by western blot
analysis. L-LECs were incubated with cocaine (50 pmol/L) or vehicle control (Ctrl) for 2 h before adding HIV-1 gp120 for another 18 h. FN
expression was assessed in the conditioned media and total cell lysates (TCL). GAPDH used as loading control. Densitometry analysis was done

using ImageJ software. The results are shown in (C) and (D).

FN increased when L-LECs were incubated with either
HIV-1 gpl120 or cocaine alone; however, when the cells
were exposed to both cocaine and gp120, levels of soluble
FN decreased significantly (Figs. 6, 7, “FN [media]”). Our
results indicate that cocaine and gp120, individually, can
induce expression of insoluble and soluble FN; however,
combined exposure of cocaine and gp120 showed signifi-
cantly elevated levels of insoluble, cell-associated FN.
These data imply that HIV infection plus cocaine use
may enhance perivascular or interstitial FN deposition,
which can accelerate inflammation and fibrosis in the
lungs of HIV" cocaine users.

In addition, we found that pretreatment with the
sigma-1R inhibitor blocked cocaine-induced FN expres-
sion in L-LECs (Fig. 8A and B). However, the D4R
inhibitor had no significant effects on cocaine-induced
FN expression (data not shown). Due to the overlap-

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

ping activities of sigma-1R and the D4R in L-LECs, we
performed further experiments to study the potential
interaction between D4R and sigma-1R. Using an
immunoprecipitation assay, we failed to see a direct
association between the two receptors when L-LECs
were stimulated with cocaine or its control (data not
shown). However, when we transfected L-LECs with
D4R-specific siRNAs, both D4R expression and sigma-
IR levels were reduced (Fig. 8C and D). Since the
expression of the HIV-1 coreceptors, CCR5 and
CXCR4, and GAPDH expression were not affected
(Fig. 8C and D), we believe that reduction in sigma-1R
was not an off-target effect. Rather, it may be due to a
currently uncharacterized association between the D4R
and sigma-1R. A previous study has reported that these
proteins may bind to the same ligand and interact indi-
rectly (Helmeste et al. 1999).
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Figure 7. The effect of HIV-1 gp120 on cocaine-induced FN expression in L-LECs and conditioned media. (A) L-LECs were incubated with HIV-
1 gp120 (500 ng/ml) or control for 2 h before adding cocaine (0-10 umol/L) for another 18 h. FN expression was assessed in the conditioned
media and total cell lysates. GAPDH used as loading control. The experiment was repeated more than three times. (B and C) Densitometry
analysis was done using Image)J software. The results are shown.
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Figure 8. Sigma-1R is involved in cocaine-induced FN expression in L-LECs. (A) The effect of sigma-1R inhibition on cocaine-induced FN
expression. L-LECs were serum-starved for 1 h, then pretreated with sigma-1R inhibitor (1 umol/L) or 1 x PBS for 1 h before incubating with
cocaine for 18 h, as indicated. GAPDH used as loading control. The experiment was repeated more than three times. (B) Densitometry analysis was
done using ImageJ software. The result is shown. (C) siRNAs to D4R inhibit expression of D4R and of sigma-1R (g-1R) in L-LECs. L-LECs were
transfected with D4R-specific siRNAs (+) and with nontargeting siRNAs (—). Protein expression was assessed by western blot analysis 48 h later.
GAPDH used as loading control. The experiment was repeated more than three times. The results of densitometry analysis are shown in (D).

complications, we measured and compared the levels of
FN, HIV gp120, C reactive protein (CRP) with albumin as
a control in the serum samples from the HIV (—) and HIV
To pursue our hypothesis that cocaine- and HIV-induced (+) donors by western blot analysis. Significantly higher
lymphatic damage can contribute to associated pulmonary levels of FN and CRP, biological markers for endothelial

Elevated levels of fibronectin in the blood
and lungs of HIV-infected patients
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injury, were detected in the serum of all three HIV (+)
donors versus the HIV (—) donor (Fig. 9A and B). HIV-1
gp120 expression confirmed the HIV status of the donors.

We next performed immunostaining to detect FN
expression in lung tissue sections. As compared to HIV
(—) donors, the lung tissue of HIV (+) donors displayed
typical characteristics of chronic inflammation and inter-
stitial fibrosis. Significant accumulation of EN (brown,
DAB staining) was seen inside the interstitial spaces of
the lung (Fig. 9C).

To explore our hypothesis that lymphatic vascular dam-
age and/or dysfunction may contribute to pulmonary com-
plications in the context of HIV and cocaine, we performed
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Cocaine Enhanced HIV Damage to Lung Lymphatics

immunostaining with anti-D2-40 antibody. As shown in
Figure 9D, using this specific lymphatic marker, pul-
monary lymphatic vessels and capillaries were distinguished
from blood vessels and capillaries. The histopathology indi-
cates that lymphatic vessels and capillaries were signifi-
cantly changed in lung tissues of HIV" individuals, as
compared with HIV™ individuals (Fig. 9D).

Cocaine modulates Robo4 receptor
expression in L-LECs

Overexpression of inflammatory cytokines and chemoki-
nes by blood endothelial cells has been reported in

6 1 FN/albumin
4 -
2 .
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1; Jgp120/albumin
4 . I
0 .
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6
4
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04

CRP/albumin

HIV (+)

s s P T

Figure 9. FN levels are elevated in the blood and lung of HIV (+) versus HIV (—) individuals. (A) Representative western blot analysis of FN, HIV-
1 gp120, CRP, and albumin expression in heat-inactivated serum samples of HIV (—) and three HIV (+) individuals. Albumin used as loading
control. The experiment was repeated three times. (B) Densitometry analysis was done using ImageJ software. The results are shown. (C) FN
expression in lung tissue sections (DAB staining, 40x magnification) of HIV (=) and HIV (+) donors. Representative images are shown. (D)
Immunostaining with anti-D2-40 antibody (DAB staining, 100x magnification). Representative images are shown. Arrows = lymphatic vessels;
asterisks = blood vessels. Immunostaining in (C) and (D) was repeated more than three times.
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chronic drug users and those infected with HIV (Araos
et al. 2015; de Brito et al. 2015). Recent studies have
revealed the anti-inflammatory properties of Slit2 (Lon-
don et al. 2010; Lim and Lappas 2014) and the stabilizing
role of its receptor, Robo4, in endothelium (Jones et al.
2008, 2009). We previously observed that pulmonary
endothelial cells express high levels of Robo4 (Zhang
et al. 2012; Yu et al. 2014). Pathogens, including HIV and
Andes virus, may induce pulmonary vasculopathy by
affecting this receptor (Zhang et al. 2012; Gorbunova
et al. 2013). Using confocal microscopy, we observed
Robo4 aggregation on the cell surface after a brief expo-
sure to cocaine (Fig. 10A). Interestingly, cocaine inhibited
the expression levels of Robo4 in a dose-dependent man-
ner after longer time exposure (18 h). In contrast, cocaine
increased the expression levels of ICAM-1 (Fig. 10B).

A Ctrl

X. Zhang et al.

Moreover, we found that cocaine can induce the expres-
sion of NFxB, an inflammatory factor, in L-LECs
(Fig. 10C), and that Slit2N can significantly dephosphory-
late NFxB (Fig. 10D). These data suggest that sustained
exposure to cocaine may contribute to pulmonary lym-
phatic inflammation, and that manipulation of the Slit2/
Robo4 pathway may prevent or ameliorate cocaine- and
HIV-induced damage. Further study will address this
hypothesis.

Discussion

Previous studies on cocaine- or HIV-associated pul-
monary disorders have focused on respiratory epithelium,
blood vascular endothelium, and interstitial spaces (Gingo
and Morris 2013; Tseng et al. 2014). In this study, we
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Figure 10. Cocaine modulates Robo4 aggregation and expression in L-LECs. (A) Cocaine-induced Robo4 aggregation in L-LECs by confocal
microscopy. Cells were cultured on chamber slides and incubated with control (Ctrl) or cocaine (10 umol/L) for 30 min before fixing and
staining cells. Red = Robo4; Green = eNOS (endothelial nitric oxide synthase); Blue = DAPI. Scale bars = 20 um. (B) Cocaine inhibits Robo4
expression in L-LECs by western blot analysis. L-LECs were incubated with cocaine (0.1, 1, 10, 50, and 100 umol/L) for 18 h before assessing
protein expression. Expression levels of ICAM-1 were measured after stripping the membrane. GAPDH used as loading control. (C) Cocaine
enhances NFkB expression. L-LECs were incubated for 18 h with cocaine (0.1, 1, 10, and 100 umol/L) before expression levels of NF«kB (p65)
were assessed by western blot analysis. GAPDH used as loading control. (D) Slit2N inhibits NFxB activation in L-LECs. L-LECs were serum-
starved for 2 h, then incubated with SIit2N (1 pg/mL) for 0-30 min before levels of phosphorylated NF«xB (p65) were assessed by western blot
analysis. GAPDH used as loading control. All experiments were repeated at least three times.
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investigated how cocaine and HIV-1 gp120 may damage
lung lymphatic endothelial cells with subsequent lym-
phatic vascular dysfunction. Our results indicate that
cocaine can exacerbate HIV-induced pulmonary lym-
phatic dysfunction by altering permeability and integrity
of this endothelium. Cocaine activation of paxillin and
associated cytoskeletal rearrangement of L-LECs may lead
to lymphatic vascular contraction and altered permeabil-
ity. With sustained cocaine exposure, lymphatic vascular
endothelium may be permanently damaged.

We also found that both cocaine and HIV-1 gp120
induced the expression of FN in L-LECs, and that L-LECs
expressed greater levels of FN after exposure to both
cocaine and HIV-1 gp120. Excessive expression and depo-
sition of FN were detected in the blood and the lung tis-
sue of HIV' individuals. More specimens from HIV*
individuals and cocaine users are needed to definitely
characterize the effects of the drug on pulmonary lym-
phatic endothelium, alone and in combination with HIV
infection.

To the best of our knowledge, this is the first study
to address how cocaine may act on pulmonary lym-
phatic endothelium by interacting with the sigma-1R
and the D4R. Sigma-1R, a signal adaptor and amplifier
in many cell types (Su and Hayashi 2003), has been
reported to be involved in cocaine-enhanced HIV
pathology (Roth et al. 2005; Yao et al. 2011c). A recent
study reported that amphetamine, a drug that also tar-
gets the dopamine system, induced endothelial tissue
factor expression in aortic vascular ECs by activating
D4R and the MAP kinases, p38 and ERK (Gebhard
et al. 2010). Another study reported that dopamine
inhibited histamine-induced secretion of von Willebrand
factor, a marker of endothelial cell activation, by vascu-
lar ECs, via D2R and D4R (Zarei et al. 2006). This
research and our data strongly suggest involvement of
the sigma-1R and D4R in cocaine-mediated effects in
L-LECs, and support a possible coordination between
sigma-1R and D4R in mediating activities of cocaine.
Because blockade of D4R but not sigma-1R inhibited
cocaine effects on the permeability of a monolayer of
lymphatic endothelial cells, D4R may be a target mole-
cule which controls cocaine-induced acute effects on
endothelium. However, sigma-1R may contribute to
cocaine-induced toxicity on lymphatic vascular endothe-
lium after longer periods of exposure due to its biologi-
cal activities in multiple signaling pathways.

Recent studies have revealed anti-inflammatory proper-
ties of Slit2N and the stabilizing role of its receptor,
Robo4, in endothelium (Jones et al. 2008, 2009; London
et al. 2010). We previously reported that the Slit2/Robo4
signaling pathway plays an important role in HIV-in-
duced endothelial cell pathology (Zhang et al. 2012; Yu

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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et al. 2014). We now report that cocaine also can inter-
fere with this signaling pathway, and regulate key mole-
cules including fibronectin and Robo4. On the basis of
our studies and others, we believe that the anti-inflamma-
tory effects of Slit2 may antagonize cocaine-induced acute
and/or chronic toxicity on the pulmonary lymphatic net-
work. Further evaluation of how cocaine may act on
Slit2/Robo4 signaling in the context of HIV could provide
insight into interventions to prevent or ameliorate
cocaine- and HIV-induced pulmonary complications.

Taken together, our study provides new insights into
how cocaine and HIV-1 gpl20 may partner to damage
lymphatic endothelium and induce pulmonary complica-
tions in HIV" drug users. On the basis of our findings
and previous reports, we posit that cocaine may exacer-
bate HIV-1 gpl20-induced pulmonary lymphatic
endothelial cell damage in part by modulating sigma-1R
and D4R signaling and dysregulating FN expression.
Innovative approaches targeting these molecules may be
developed in the future to antagonize cocaine-enhanced
HIV-1 pathobiology.

Conflict of Interest

The authors have no associations that might pose con-
flicts of interest.

References

Afessa, B., W. Green, J. Chiao, and W. Frederick. 1998.
Pulmonary complications of HIV infection: autopsy
findings. Chest 113:1225-1229.

Albuquerque, M. L., C. M. Waters, U. Savla, H. W. Schnaper,
and A. S. Flozak. 2000. Shear stress enhances human
endothelial cell wound closure in vitro. Am. J. Physiol.
Heart Circ. Physiol. 279:H293-302.

Alitalo, K. 2011. The lymphatic vasculature in disease. Nat.
Med. 17:1371-1380.

Almodovar, S., P. Y. Hsue, J. Morelli, L. Huang, S. C. Flores,
and Lung, HIV Study. 2011. Pathogenesis of HIV-associated
pulmonary hypertension: potential role of HIV-1 Nef. Proc.
Am. Thorac. Soc. 8:308-312.

Araos, P., M. Pedraz, A. Serrano, M. Lucena, V. Barrios, N.
Garcia-Marchena, et al. 2015. Plasma profile of pro-
inflammatory cytokines and chemokines in cocaine
users under outpatient treatment: influence of cocaine
symptom severity and psychiatric co-morbidity. Addict.
Biol. 20:756-772.

Bailey, M. E., A. E. Fraire, S. D. Greenberg, J. Barnard, and P.
T. Cagle. 1994. Pulmonary histopathology in cocaine
abusers. Hum. Pathol. 25:203-207.

Beaulieu, J. M., and R. R. Gainetdinov. 2011. The physiology,
signaling, and pharmacology of dopamine receptors.
Pharmacol. Rev. 63:182-217.

2015 | Vol. 3 | Iss. 8 | e12482
Page 13



Cocaine Enhanced HIV Damage to Lung Lymphatics

Benzaquen, B. S., V. Cohen, and M. J. Eisenberg. 2001. Effects of
cocaine on the coronary arteries. Am. Heart J. 142:402—410.

Birdsall, H. H., W. J. Porter, D. M. Green, J. Rubio, J. Trial,
and R. D. Rossen. 2004. Impact of fibronectin fragments on
the transendothelial migration of HIV-infected leukocytes
and the development of subendothelial foci of infectious
leukocytes. J. Immunol. 173:2746-2754.

de Brito, L. C., F. R. Teles, R. P. Teles, P. M. Nogueira, L. Q.
Vieira, and A. P. Ribeiro Sobrinho. 2015. Immunological
profile of periapical endodontic infections from HIV— and
HIV+ patients. Int. Endod. J. 48:533-541.

Caldwell, J., and P. S. Sever. 1974. The biochemical
pharmacology of abused drugs. I. Amphetamines, cocaine,
and LSD. Clin. Pharmacol. Ther. 16:625-638.

Chen, Y., Q. Ke, Y. F. Xiao, G. Wu, E. Kaplan, T. G.
Hampton, et al. 2005. Cocaine and catecholamines enhance
inflammatory cell retention in the coronary circulation of
mice by upregulation of adhesion molecules. Am. J. Physiol.
Heart Circ. Physiol. 288:H2323-2331.

Cone, E. J., D. Yousefnejad, M. J. Hillsgrove, B. Holicky, and
W. D. Darwin. 1995. Passive inhalation of cocaine. J. Anal.
Toxicol. 19:399-411.

Dabbouseh, N. M., and A. Ardelt. 2011. Cocaine mediated
apoptosis of vascular cells as a mechanism for carotid artery
dissection leading to ischemic stroke. Med. Hypotheses
77:201-203.

Dalvi, P., K. Wang, J. Mermis, R. Zeng, M. Sanderson, S.
Johnson, et al. 2014. HIV-1/cocaine induced oxidative stress
disrupts tight junction protein-1 in human pulmonary
microvascular endothelial cells: role of Ras/ERK1/2 pathway.
PLoS ONE 9:e85246.

De Giorgi, A., F. Fabbian, M. Pala, F. Bonetti, I. Babini, I.
Bagnaresi, et al. 2012. Cocaine and acute vascular diseases.
Curr. Drug Abuse Rev. 5:129-134.

Dhillon, N. K., F. Peng, S. Bokhari, S. Callen, S. H. Shin, X.
Zhu, et al. 2008. Cocaine-mediated alteration in tight
junction protein expression and modulation of CCL2/CCR2
axis across the blood-brain barrier: implications for HIV-
dementia. J. Neuroimmune Pharmacol. 3:52-56.

Dhillon, N. K., F. Li, B. Xue, O. Tawfik, S. Morgello, S. Buch,
et al. 2011. Effect of cocaine on human immunodeficiency
virus-mediated pulmonary endothelial and smooth muscle
dysfunction. Am. J. Respir. Cell Mol. Biol. 45:40-52.

Drent, M., P. Wijnen, and A. Bast. 2012. Interstitial lung
damage due to cocaine abuse: pathogenesis,
pharmacogenomics and therapy. Curr. Med. Chem.
19:5607-5611.

Farber, H. W., and J. Loscalzo. 2004. Pulmonary arterial
hypertension. New. Engl. J. Med. 351:1655-1665.

Fiala, M., X. H. Gan, L. Zhang, S. D. House, T. Newton, M.
C. Graves, et al. 1998. Cocaine enhances monocyte
migration across the blood-brain barrier. Cocaine’s
connection to AIDS dementia and vasculitis? Adv. Exp.
Med. Biol. 437:199-205.

2015 | Vol. 3 | Iss. 8 | €12482
Page 14

X. Zhang et al.

Fiala, M., A. J. Eshleman, J. Cashman, J. Lin, A. S. Lossinsky,
V. Suarez, et al. 2005. Cocaine increases human
immunodeficiency virus type 1 neuroinvasion through
remodeling brain microvascular endothelial cells. J.
Neurovirol. 11:281-291.

Gan, X., L. Zhang, O. Berger, M. F. Stins, D. Way, D. D.
Taub, et al. 1999. Cocaine enhances brain endothelial
adhesion molecules and leukocyte migration. Clin.
Immunol. 91:68-76.

Gebhard, C., A. Breitenstein, A. Akhmedov, C. E. Gebhard,
G. G. Camici, T. F. Luscher, et al. 2010. Amphetamines
induce tissue factor and impair tissue factor pathway
inhibitor: role of dopamine receptor type 4. Eur. Heart J.
31:1780-1791.

Gingo, M. R,, and A. Morris. 2013. Pathogenesis of HIV and
the lung. Curr. HIV/AIDS Rep. 10:42-50.

Gorbunova, E. E., I. N. Gavrilovskaya, and E. R. Mackow.
2013. Slit2-Robo4 receptor responses inhibit ANDV directed
permeability of human lung microvascular endothelial cells.
Antiviral Res. 99:108-112.

He, J., Y. Xiao, and L. Zhang. 2000. Cocaine induces apoptosis
in human coronary artery endothelial cells. J. Cardiovasc.
Pharmacol. 35:572-580.

Helmeste, D. M., T. Shioiri, M. Mitsuhashi, and S. W. Tang.
1999. Binding of [3H]U-101958 to sigmal receptor-like sites
in human cerebellum and neuroblastoma cells. Eur. J.
Pharmacol. 370:205-209.

Henderson, W. W, R. Ruhl, P. Lewis, M. Bentley, J. A.
Nelson, and A. V. Moses. 2004. Human immunodeficiency
virus (HIV) type 1 Vpu induces the expression of CD40 in
endothelial cells and regulates HIV-induced adhesion of B-
lymphoma cells. J. Virol. 78:4408—4420.

Hendricks-Munoz, K. D., R. P. Gerrets, R. D. Higgins, J. L.
Munoz, and V. V. Caines. 1996. Cocaine-stimulated
endothelin-1 release is decreased by angiotensin-converting
enzyme inhibitors in cultured endothelial cells. Cardiovasc.
Res. 31:117-123.

Inaba, T. 1989. Cocaine: pharmacokinetics and
biotransformation in man. Can. J. Physiol. Pharmacol.
67:1154-1157.

Jakus, Z., J. P. Gleghorn, D. R. Enis, A. Sen, S. Chia, X. Liu,
et al. 2014. Lymphatic function is required prenatally for
lung inflation at birth. J. Exp. Med. 211:815-826.

Jones, C. A., N. R. London, H. Chen, K. W. Park, D. Sauvaget,
R. A. Stockton, et al. 2008. Robo4 stabilizes the vascular
network by inhibiting pathologic angiogenesis and
endothelial hyperpermeability. Nat. Med. 14:448-453.

Jones, C. A., N. Nishiya, N. R. London, W. Zhu, L. K.
Sorensen, A. C. Chan, et al. 2009. Slit2-Robo4 signalling
promotes vascular stability by blocking Arf6 activity. Nat.
Cell Biol. 11:1325-1331.

Kanmogne, G. D., C. Primeaux, and P. Grammas. 2005.
Induction of apoptosis and endothelin-1 secretion in
primary human lung endothelial cells by HIV-1 gp120

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



X. Zhang et al.

proteins. Biochem. Biophys. Res. Commun. 333:1107—
1115.

Kaufman, M. J., C. C. Streeter, T. L. Barros, O. Sarid-Segal, M.
Afshar, H. Tian, et al. 2007. Reduced plasma nitric oxide
end products in cocaine-dependent men. J. Addict. Med.
1:96-103.

Kulkarni, R. M., A. Herman, M. Ikegami, J. M. Greenberg,
and A. L. Akeson. 2011. Lymphatic ontogeny and effect of
hypoplasia in developing lung. Mech. Dev. 128:29—40.

Lancerotto, L., and D. P. Orgill. 2014. Mechanoregulation of
angiogenesis in wound healing. Adv. Wound Care 3:626—
634.

Langa, F., X. Codony, V. Tovar, A. Lavado, E. Gimenez, P.
Cozar, et al. 2003. Generation and phenotypic analysis of
sigma receptor type I (sigma 1) knockout mice. Eur. J.
Neurosci. 18:2188-2196.

Lederman, M. M., D. Sereni, G. Simonneau, and N. F.
Voelkel. 2008. Pulmonary arterial hypertension and its

association with HIV infection: an overview. AIDS 22(Suppl.

3):S1-S6.

Lee, Y. W., B. Hennig, M. Fiala, K. S. Kim, and M. Toborek.
2001. Cocaine activates redox-regulated transcription factors
and induces TNF-alpha expression in human brain
endothelial cells. Brain Res. 920:125-133.

Lim, R., and M. Lappas. 2014. Slit2 exerts anti-inflammatory
actions in human placenta and is decreased with maternal
obesity. Am. J. Reprod. Immunol. 73:66-78.

London, N. R., W. Zhu, F. A. Bozza, M. C. Smith, D. M.
Greif, L. K. Sorensen, et al. 2010. Targeting Robo4-
dependent slit signaling to survive the cytokine storm in
sepsis and influenza. Sci. Transl. Med. 2:23ral9.

Mao, J. T., L. X. Zhu, S. Sharma, K. Chen, M. Huang, S. J.
Santiago, et al. 1997. Cocaine inhibits human endothelial
cell IL-8 production: the role of transforming growth factor-
beta. Cell. Immunol. 181:38—43.

Marecki, J. C., C. D. Cool, J. E. Parr, V. E. Beckey, P. A.
Luciw, A. F. Tarantal, et al. 2006. HIV-1 Nef is associated
with complex pulmonary vascular lesions in SHIV-nef-
infected macaques. Am. J. Respir. Crit. Care Med. 174:437—
445.

McNellis, E. M., S. M. Mabry, E. Taboada, and I. I.
Ekekezie. 2014. Altered pulmonary lymphatic development
in infants with chronic lung disease. BioMed. Res. Int.
2014:109891.

Meng, Q., J. A. Lima, H. Lai, D. Vlahov, D. D. Celentano, J.
B. Margolick, et al. 2003. Elevated C-reactive protein levels
are associated with endothelial dysfunction in chronic
cocaine users. Int. J. Cardiol. 88:191-198.

Mirrakhimov, A. E., A. M. Ali, A. Barbaryan, and S.
Prueksaritanond. 2013. Human immunodeficiency virus and
pulmonary arterial hypertension. ISRN Cardiol. 903454.

Murray, J. F. 2013. Epidemiology of human immunodeficiency
virus-associated pulmonary disease. Clin. Chest Med.
34:165—-179.

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Cocaine Enhanced HIV Damage to Lung Lymphatics

Murray, R. J., J. E. Smialek, M. Golle, and R. J. Albin. 1989.
Pulmonary artery medial hypertrophy in cocaine users
without foreign particle microembolization. Chest 96:1050—
1053.

Nair, M. P., K. C. Chadha, R. G. Hewitt, S. Mahajan, A.
Sweet, and S. A. Schwartz. 2000. Cocaine differentially
modulates chemokine production by mononuclear cells
from normal donors and human immunodeficiency virus
type 1l-infected patients. Clin. Diagn. Lab. Immunol. 7:96—
100.

O’Donnell, A. E., F. G. Mappin, T. J. Sebo, and H. Tazelaar.
1991. Interstitial pneumonitis associated with “crack”
cocaine abuse. Chest 100:1155-1157.

Ortinski, P. I. 2014. Cocaine-induced changes in NMDA
receptor signaling. Mol. Neurobiol. 50:494-506.

Pare, J. P., G. Cote, and R. S. Fraser. 1989. Long-term follow-
up of drug abusers with intravenous talcosis. Am. Rev.
Respir. Dis. 139:233-241.

Park, I. W., C. K. Ullrich, E. Schoenberger, R. K. Ganju, and J.
E. Groopman. 2001. HIV-1 Tat induces microvascular
endothelial apoptosis through caspase activation. J.
Immunol. 167:2766-2771.

Pradhan, L., D. Mondal, S. Chandra, M. Alj, and K. C.
Agrawal. 2008. Molecular analysis of cocaine-induced
endothelial dysfunction: role of endothelin-1 and nitric
oxide. Cardiovasc. Toxicol. 8:161-171.

Rabinovitch, M.. 2001. Pathobiology of pulmonary
hypertension. Extracellular matrix. Clin. Chest Med. 22:433—
449, Viii.

Ricci, A., F. Mignini, D. Tomassoni, and F. Amenta. 2006.
Dopamine receptor subtypes in the human pulmonary
arterial tree. Auton. Autacoid Pharmacol. 26:361-369.

Roth, M. D., K. M. Whittaker, R. Choi, D. P. Tashkin, and G.
C. Baldwin. 2005. Cocaine and sigma-1 receptors modulate
HIV infection, chemokine receptors, and the HPA axis in
the huPBL-SCID model. J. Leukoc. Biol. 78:1198-203.

Rubin, L. J., and D. B. Badesch. 2005. Evaluation and
management of the patient with pulmonary arterial
hypertension. Ann. Intern. Med. 143:282-292.

Saez, C. G., P. Olivares, J. Pallavicini, O. Panes, N. Moreno, T.
Massardo, et al. 2011. Increased number of circulating
endothelial cells and plasma markers of endothelial damage
in chronic cocaine users. Thromb. Res. 128:e18-23.

Scourfield, A. T., S. R. Doffman, and R. F. Miller. 2014.
Chronic obstructive pulmonary disease in patients with
HIV: an emerging problem. Br. J. Hosp. Med. (Lond)
75:678-684.

Sehgal, P. B. 2013. Non-genomic STAT5-dependent effects at
the endoplasmic reticulum and Golgi apparatus and STAT6-
GFP in mitochondria. JAKSTAT 2:e24860.

Su, T. P., and T. Hayashi. 2003. Understanding the molecular
mechanism of sigma-1 receptors: towards a hypothesis that
sigma-1 receptors are intracellular amplifiers for signal
transduction. Curr. Med. Chem. 10:2073-2080.

2015 | Vol. 3 | Iss. 8 | e12482
Page 15



Cocaine Enhanced HIV Damage to Lung Lymphatics

Tammela, T., and K. Alitalo. 2010. Lymphangiogenesis:
molecular mechanisms and future promise. Cell 140:460-476.

Tjotta, E., O. Hungnes, and B. Grinde. 1991. Survival of HIV-
1 activity after disinfection, temperature and pH changes, or
drying. J. Med. Virol. 35:223-227.

Torre, D., C. Zeroli, R. Martegani, A. Pugliese, C. Basilico, and
F. Speranza. 2000. Levels of the bcl-2 protein, fibronectin and
alpha(5)beta(1) fibronectin receptor in HIV-1-infected
patients with Kaposi’s sarcoma. Microbes Infect. 2:1831-1833.

Tseng, W., M. E. Sutter, and T. E. Albertson. 2014. Stimulants
and the lung: review of literature. Clin. Rev. Allergy
Immunol. 46:82-100.

Tuder, R. M., J. C. Marecki, A. Richter, I. Fijalkowska, and S.
Flores. 2007. Pathology of pulmonary hypertension. Clin.
Chest Med. 28:23-42, 7.

Ullrich, C. K., J. E. Groopman, and R. K. Ganju. 2000. HIV-1
gp120- and gp160-induced apoptosis in cultured endothelial
cells is mediated by caspases. Blood 96:1438—1442.

Yao, L. C., and D. M. McDonald. 2014. Plasticity of airway
lymphatics in development and disease. Adv. Anat. Embryol.
Cell Biol. 214:41-54.

Yao, H., M. Duan, and S. Buch. 2011a. Cocaine-mediated
induction of platelet-derived growth factor: implication
for increased vascular permeability. Blood 117:2538—

2547.

Yao, H., M. Duan, G. Hu, and S. Buch. 2011b. Platelet-derived

growth factor B chain is a novel target gene of cocaine-

2015 | Vol. 3 | Iss. 8 | €12482
Page 16

X. Zhang et al.

mediated Notchl signaling: implications for HIV-associated
neurological disorders. J. Neurosci. 31:12449-12454.

Yao, H., K. Kim, M. Duan, T. Hayashi, M. Guo, S.
Morgello, et al. 2011c. Cocaine hijacks sigmal receptor to
initiate induction of activated leukocyte cell
adhesion molecule: implication for increased monocyte
adhesion and migration in the CNS. J. Neurosci. 31:5942—
5955.

Yu, J., X. Zhang, P. M. Kuzontkoski, S. Jiang, W. Zhu, D. Y.
Li, et al. 2014. Slit2N and Robo4 regulate
lymphangiogenesis through the VEGF-C/VEGFR-3 pathway.
Cell Commun. Signal. 12:25.

Zarei, S., M. Frieden, B. Rubi, P. Villemin, B. R. Gauthier, P.
Maechler, et al. 2006. Dopamine modulates von Willebrand
factor secretion in endothelial cells via D2-D4 receptors. J.
Thromb. Haemost. 4:1588—1595.

Zhang, L., D. Looney, D. Taub, S. L. Chang, D. Way, M. H.
Witte, et al. 1998. Cocaine opens the blood-brain barrier to
HIV-1 invasion. J. Neurovirol. 4:619-626.

Zhang, X., J. F. Wang, G. Kunos, and J. E. Groopman. 2007.
Cannabinoid modulation of Kaposi’s sarcoma-associated
herpesvirus infection and transformation. Cancer Res.
67:7230-7237.

Zhang, X., J. Yu, P. M. Kuzontkoski, W. Zhu, D. Y. Li, and J.
E. Groopman. 2012. Slit2/Robo4 signaling modulates HIV-1
gp120-induced lymphatic hyperpermeability. PLoS Pathog.
8:1002461.

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



