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Abstract
Objective—Cocaine use is associated with arterial thrombosis, including myocardial infarction
and stroke. Cocaine use results in increased plasma von Willebrand Factor (VWF), accelerated
atherosclerosis, and platelet-rich arterial thrombi, suggesting that cocaine activates the
endothelium, promoting platelet-VWF interactions.

Approach and Results—Human umbilical vein (HUVEC), brain microvasculature (BMVEC),
or coronary artery (CAEC) endothelial cells were treated with cocaine or metabolites
benzoylecgonine, cocaethylene, norcocaine, or ecgonine methylester. Supernatant VWF
concentration and multimer structure were measured, and platelet–VWF strings formed on the
endothelial surface under flow were quantified. Cocaine, benzoylecgonine, and cocaethylene
induced endothelial VWF release, with the two metabolites being more potent than the parent
molecule. BMVEC were more sensitive to cocaine and metabolites than were HUVEC or CAEC.
CAEC released VWF into the supernatant but did not form VWF–platelet strings. Intracellular
cAMP concentration was not increased after treatment with cocaine or its metabolites.

Conclusions—Both cocaine and metabolites benzoylecgonine and cocaethylene induced
endothelial VWF secretion, possibly explaining thrombotic risk after cocaine ingestion. VWF
secretion is likely to vary between vascular beds, with brain endothelial cells being particularly
sensitive. These results suggest that clinical management of cocaine-induced ischemia may benefit
from therapies aimed at disrupting the VWF–platelet interaction.
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INTRODUCTION
Cocaine use is associated with an increased risk of a variety of thrombotic events, including
stroke and myocardial infarction (MI)1, 2 and, less commonly, venous thromboembolism3
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and thrombotic thrombocytopenic purpura.4 The risk of myocardial infarction is estimated to
increase 6-fold with cocaine use.5 Although cocaine is rapidly metabolized by liver and
plasma enzymes, the risk of thrombosis remains elevated for many days after its ingestion,6

possibly an effect of cocaine metabolites, some of which retain adrenergic activity and can
persist in blood for 1–2 weeks.7 It is unknown how these metabolites, which include
benzoylecgonine, ecgonine methylester, and norcocaine, affect platelet or endothelial
functions. Another metabolite, cocaethylene, which is produced when cocaine is consumed
with ethanol, is known to retain potent neuronal stimulation ability8 and is associated with
an extremely high risk of sudden death.9 Its relationship to thrombotic risk is also unknown.

Although one likely cause of tissue ischemia is cocaine-induced vasospasm in the setting of
increased tissue oxygen demand,10, 11 platelet-rich arterial thrombi have also been observed
in coronary and cerebral vessels of up to 14% of cocaine users who died suddenly after
ingesting cocaine.12, 13 Furthermore, a 10-fold increased incidence of acute coronary stent
thrombosis, a platelet-dependent process, was observed in cocaine users14 which was not
explained by non-compliance with antiplatelet therapy. Thus, in addition to cocaine’s
sympathomimetic effects leading to increased tissue oxygen demand (increased heart rate,
blood pressure, contractility, and metabolism) and decreased tissue oxygen delivery
(vasoconstriction), cocaine likely contributes to ischemic events by promoting platelet
aggregation on endovascular surfaces.

The primary endothelial determinant of platelet–endothelial attachment is von Willebrand
Factor (VWF), a multimeric protein secreted from endothelial cells. Upon endothelial cell
activation, VWF is rapidly secreted into plasma from storage granules called Weibel-Palade
bodies. VWF is secreted as a very high molecular weight form referred to as ultra-large
VWF (ULVWF). ULVWF can be retained on the vascular surface via P-selectin15 and/or
integrin αvβ3,16 with long ULVWF strands extending up to several millimeters into the
bulk flow.17 VWF binds platelets via the platelet glycoprotein Ib-IX-V complex, with
ULVWF, unlike normal plasma forms of VWF, being able to spontaneously bind this
receptor.18 The binding of platelets to VWF is the first step in thrombus formation,
promoting subsequent platelet activation and aggregation. Under normal circumstances,
ULVWF is processed proteolytically by the plasma metalloproteinase ADAMTS13 into the
smaller, less-reactive VWF forms normally found in plasma.

Cocaine use is associated with a 40% increase in plasma VWF concentration,19 suggesting
that cocaine induces endothelial secretion of VWF and supporting a role for platelet
adhesion to the endothelium in cocaine-associated arterial thrombosis. In addition, because
platelet binding to processed plasma VWF is increased under high shear stress,18 cocaine-
induced vasoconstriction would be expected to promote thrombus formation.
Histopathologic studies support this scenario, demonstrating numerous endovascular
abnormalities in cocaine abusers, who tend to be young (less than age 35) with few, if any,
additional cardiovascular risk factors. These findings include accelerated
atherosclerosis,13, 20 intimal hyperplasia,21 and increased adventitial inflammation.22

Endothelial dysfunction induced by cocaine is also suggested by the findings of upregulated
endothelial adhesion molecules,23, 24 increased vascular permeability,25 and increased
circulating endothelial cells24 following cocaine exposure.

We hypothesize that cocaine acts as an endothelial agonist and VWF secretogogue,
promoting platelet-mediated thrombosis by inducing exposure of ULVWF on endothelial
surfaces. Given the prolonged thrombotic risk following cocaine ingestion, we also
hypothesize that cocaine metabolites induce ULVWF release from endothelial cells. We
therefore assessed the ability of cocaine and its metabolites to induce VWF release from
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cultured human vascular endothelial cells from a variety of tissue beds including umbilical
vein, brain, and coronary artery.

MATERIALS AND METHODS
Materials and Methods can be found in the online supplement.

RESULTS
VWF is secreted from endothelial cells in response to a variety of agonists including
histamine, epinephrine, dDAVP, and hypoxia.26 After secretion, VWF can either remain
tethered to the endothelial surface or be released into the supernatant. We assessed the
ability of cocaine and cocaine metabolites to directly induce VWF secretion from human
endothelial cells of various tissues.

Cocaine induces von Willebrand Factor release from endothelial cells
We treated endothelial cells from three different sources (HUVEC, BMVEC and CAEC)
with cocaine at several concentrations and assessed their secretion of VWF. Cocaine
induced VWF secretion in a concentration-dependent manner from the three endothelial
types (Figure 1A). In all three cell types, cocaine at a concentration of 1 μg/ml induced a
similar extent of VWF secretion as 50 ☐M histamine or 4 μg/ml dDAVP, both known
potent VWF secretogogues. This cocaine concentration, which is within the range detected
in the plasma of cocaine users,7 increased VWF secretion more than 300% above the
unstimulated baseline. Lower concentrations of cocaine (0.5 ☐g/ml) also induced
endothelial VWF release, to twice that of unstimulated HUVEC and BMVEC (Figure 1A,
1B, and 1C). In contrast, VWF release from CAEC treated with 0.5 ☐g/ml cocaine was not
different than from untreated cells (p = 0.99, Figure 1D). For all concentrations of cocaine
tested, secretion from BMVEC was greater than from HUVEC and CAEC.

The cocaine metabolites benzoylecgonine and cocaethylene induce VWF release from
human endothelial cells

The risk of cardiovascular complications following cocaine ingestion persist long after
cocaine levels fall below the minimum cocaine concentration able to stimulate endothelial
VWF in our assay.6 Therefore, we also studied four of the major cocaine metabolites for
their ability to induce VWF release from endothelial cells. Only benzoylecgonine and
cocaethylene induced VWF release and induced it in all three cell types (Figure 1B–D). The
concentrations of cocaine metabolites used here have been reported in the plasma of cocaine
users.7 In general, BMVEC released larger quantities of VWF than HUVEC or CAEC in
response to the two metabolites. Benzoylecgonine and cocaethylene at both 1 μg/ml and 0.1
μg/ml induced significant increases in VWF secretion in both HUVEC (Figure 1B) and
BMVEC (Figure 1C) compared to untreated cells (p < 0.05). However, CAEC responded
robustly only at the higher concentration (Figure 1D). Both benzoylecognine and
cocaethylene were more potent than cocaine in inducing endothelial VWF release, as
cocaine at 0.1 μg/ml failed to induce VWF release from any of the cell types.

ULVWF released from HUVEC and BMVEC remains tethered to the endothelial surface and
binds platelets under flow

Upon initial secretion, a subset of ULVWF molecules remains tethered to the endothelial
surface, forming fibers under flow capable of reaching several millimeters in length.17 Such
incredibly long ULVWF strings can spontaneously bind hundreds of platelets and can be
easily visualized as “beads on a string” by phase-contrast microscopy (Figure 2A). This
platelet–VWF interaction is dependent on the platelet VWF receptor, GPIb.17 Using a
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parallel-plate flow chamber, we assessed VWF–platelet string formation in cocaine-treated
HUVECs (Figure 2B) and BMVECs (Figure 2C) exposed to a constant shear stress of 2.5
dyne/cm2. Mock-treated HUVECs and BMVECs failed to form strings (Figure 2B), whereas
cocaine (1μg/ml) induced numerous VWF–platelet strings in both HUVEC and BMVEC
(Figures 2B and 2C). Benzoylecgonine and cocaethylene also induced VWF–platelet string
formation on HUVEC and BMVEC at concentrations reported to occur in plasma,7 but
norcocaine and ecgonine methylester did not (Figures 2B and 2C). In HUVEC, the lowest
concentration of cocaethylene (0.1 μg/ml) induced a similar number of VWF–platelet
strings as 50 μM histamine, whereas 1 μg/ml cocaine produced fewer platelet–VWF strings
than histamine. In BMVEC, benzoylecgonine and cocaethylene at both concentrations and
cocaine at 1 μg/ml induced similar numbers of VWF–platelet strings as 50 μM histamine.
This indicates that BMVEC are more sensitive than HUVEC to cocaine and the longer-lived
cocaine metabolites. As has been reported, CAEC did not produce VWF–platelet strings
after treatment with histamine.17 We obtained a similar result in CAEC treated with cocaine
or cocaine metabolites (data not shown). As expected, formation of VWF–platelet strings in
cocaine- and cocaine metabolite–treated HUVEC was prevented by pretreating the platelets
with a GPIb-blocking antibody (Figure 2D).

Endothelial cell VWF content varies between tissue sources
We investigated whether BMVEC secreted more VWF than CAEC when treated with
cocaine or its active metabolites because the former cell line contained more intracellular
VWF. Quantification of the immunofluorescence signals from anti-VWF labeled
permeabilized cells indeed revealed that BMVEC contained more intracellular VWF than
either HUVEC or CAEC (Figure 3).

CAEC secrete ULVWF in response to cocaine and cocaine metabolites and express P-
selectin, αvβ3, and ADAMTS13

One potential explanation for the inability of CAEC to produce platelet–VWF strings after
stimulation by agonists is that they do not secrete VWF in the ULVWF form. We therefore
assessed the multimer pattern in VWF secreted from CAECs treated with histamine,
cocaine, benzoylecgonine, or cocaethylene (Figure 4). As compared to VWF in normal
human plasma, stimulated CAEC supernatants contained abundant ULVWF but apparently
less than HUVEC or BMVEC supernatants and of lower maximum size (Figure 4).

We also investigated whether the inability of CAECs to form platelet strings was because
these cells are deficient in P-selectin or the integrin αvβ3, loss of either of which could
prevent tethering of secreted ULVWF to the endothelial surface. By immunofluorescence of
unstimulated endothelial cells, P-selectin was present in endothelial cells from each tissue
type, colocalizing with VWF in a distribution consistent with Weibel-Palade bodies (Figure
3). Following agonist stimulation of CAEC, P-selectin appeared on the cell surface as it did
in HUVEC (Figure 5A). In addition, integrin αvβ3 was present on the surfaces of the three
types of endothelial cells (Figure 5B). This indicates that CEAC express the appropriate cell
surface proteins to retain secreted ULVWF on the cell surface.

Because ADAMTS13 normally cleaves ULVWF, and could remove VWF from the
endothelial surface after secretion from endothelial cells, we evaluated the possibility that
CAEC express more ADAMTS13 than do BMVEC. ADAMTS13 distribution within each
endothelial cell type was similar (Figure 5B).
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VWF secretion induced by cocaine and its metabolites does not involve increased
intracellular cAMP

The mechanism by which cocaine and its metabolites induce endothelial VWF release is
unknown. Increased intracellular cAMP precedes Weibel-Palade body exocytosis and VWF
secretion in response to several agonists, including dDAVP but not histamine. We therefore
examined intracellular cAMP concentrations in lysates of endothelial cells treated with
cocaine or its metabolites. The intracellular cAMP concentration did not change relative to
untreated cells after incubation with cocaine and cocaine metabolites at concentrations
shown to induce VWF secretion in HUVEC (Figure 6). Similar results were obtained in
BMVEC and CAEC (data not shown).

DISCUSSION
Cocaine abuse remains a major public health problem, contributing to over 400,000
emergency room visits per year.27 In addition to the problem of drug addiction and its
attendant social and medical issues, cocaine ingestion is associated with both acute and
chronic cardiovascular disease, including myocardial infarction28 and stroke.29 The
thrombotic effects of cocaine include increased rates of both arterial and venous
thrombosis.30 These thrombotic events can be delayed after cocaine use, sometimes
occurring when cocaine is no longer detectable in plasma. Our results indicate that this
prolonged effect of cocaine on thrombotic risk is related to the continued pro-thrombotic
activity of the long-lived cocaine metabolites benzoylecgonine and cocaethylene.

Our results indicate that endothelial cells in culture release VWF in response to agonism by
cocaine, benzoylecgonine, and cocaethylene, but not by cocaine metabolites norcocaine nor
ecgonine methyl ester. Cocaine, benzoylecgonine, and cocaethylene are extremely potent
VWF secretagogues, with similar ability to induce VWF release as 50μM histamine or 4μg/
ml dDAVP, both known strong VWF secretagogues. Our results also indicate that the
metabolites benzoylecgonine and cocaethylene are at least as potent at inducing endothelial
VWF as cocaine, and in some endothelial cell types are more potent agonists than cocaine
and able to induce significant VWF release from endothelial cells at very low
concentrations. Particularly significant is the effect of cocaethylene, which is only formed
when cocaine is ingested simultaneously with ethanol. This finding may explain the
particularly elevated risk for cardiovascular events seen accompanying combined cocaine
and ethanol use.9 Brain microvascular endothelial cells are especially sensitive to cocaine,
benzoylecgonine, and cocaethylene as compared to umbilical vein or coronary artery
derived endothelial cells. This was true both for VWF released into the culture supernatant
in ULVWF form as well as for secreted VWF that remains tethered to the endothelial
surface. Platelet binding tp endothelial surface bound VWF was found to be dependent on
the platelet receptor, GPIb. This supports a model in which cocaine associated thrombosis
involves direct action of cocaine and cocaine metabolites on endothelial cells to secrete
VWF, followed by platelet binding and subsequent activation.

Several years ago, it became clear that platelets were a target of cocaine;31–33 the
mechanisms of this effect have yet to be fully elucidated. In response to cocaine, platelets
become activated and release constituents of their alpha granules, promoting
thrombosis.32, 34 Cocaine also decreases nitric oxide levels, which in addition to inhibiting
vasodilatation, can lower the threshold for platelet activation.35 Further evidence that
platelets are involved in the cardiovascular pathophysiology associated with cocaine is the
high incidence of acute coronary stent thrombosis in cocaine users, even in those compliant
with anti-platelet therapy.14, 36 It is not known whether benzoylecgonine, or cocaethylene,
which we found induce endothelial VWF release, can also activate platelets.
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Platelets bind ULVWF spontaneously via an interaction of the VWF A1 domain with the
platelet receptor GPIb,37 initiating platelet aggregation and thrombosis. When VWF is
cleaved to lower–molecular-weight VWF by ADAMTS13, the A1 domain is no longer able
to spontaneously bind platelets in the absence of high shear stress, collagen binding,
pharmacologic reactivation as by ristocetin, or oxidative modification.18, 37–39

Accumulation of ULVWF is associated with the devastating thrombotic disease, thrombotic
thrombocytopenic purpura (TTP).40 Consistent with a similar mechanism for cocaine-
associated thrombosis, a TTP-like syndrome has been reported in cocaine users4 suggesting
that in at least a subset of this group there is, in fact, an accumulation of ULVWF. Whether
increased ULVWF can be detected in cocaine abusers is unknown.

Previous studies have demonstrated probable endothelial activation following cocaine use,
as documented by increased endothelial release of platelet-derived growth factor,41

endothelin-1,35 stromal cell derived factor-1,24 monocyte chemotactic protein-1,24 and
soluble intercellular adhesion molecule-1.24 In addition, cocaine is associated with
decreased endothelial nitric oxide synthase (eNOS) activity and nitric oxide production,35

activation of endothelial cell NFκB activity,42 and increased numbers of circulating
endothelial cells.24 Signals that induce such endothelial activation would also be expected to
induce ULVWF secretion. Indeed, increased circulating VWF has been detected in chronic
cocaine abusers.19 Whether the increased VWF concentration is due to increased production
or delayed clearance cannot be discerned from measurements of the plasma concentration.
Our studies suggest that the elevated VWF concentration in the blood of cocaine users is
largely due to increased endothelial secretion in response to cocaine and two of its major
metabolites.

The cardiovascular complications of cocaine use had been presumed to be primarily caused
by the effects of cocaine on the sympathetic nervous system, causing vasoconstriction of
coronary vessels while simultaneously increasing myocardial oxygen demand by increasing
heart rate, contractility, blood pressure, and cellular metabolism. Cocaine metabolites have
also been shown to induce cerebral and coronary vasoconstriction, particularly
benzoylecgonine and cocaethylene.43, 44 While these mechanisms likely contribute to
cocaine-induced myocardial ischemia, our results demonstrate that the effects of cocaine and
its metabolites on the vascular endothelium are also mechanistically important and likely
additive. Vasoconstriction induced by cocaine and its metabolites would be expected to
potentiate the prothrombotic effect of increased VWF concentrations. The ability of all
forms of VWF to bind and activate platelets is enhanced by high fluid shear stress.45 This
physical force is increased in proportion to the velocity of blood flow and in an inverse
relationship to the radius of the blood vessel. Flow velocity increases and vessel diameter
decreases during vasoconstriction, increasing the likelihood of VWF-dependent shear-
induced platelet aggregation. The threshold for aggregation will be further decreased and the
extent increased in the presence of elevated VWF concentrations. Furthermore, the
propensity to develop a flow-restricting thrombus would be further increased by additional
effects of cocaine and cocaine metabolites on platelet activation.

Cocaine’s anesthetic properties relate to its ability to slow nerve conduction by blocking
voltage-gated sodium channels.46 It produces addiction by blocking presynaptic dopamine
and serotonin reuptake receptors, potentiating the effect of these neurotransmitters in the
synaptic cleft in reward centers of the brain.7 Similarly, the sympathomimetic effects of
cocaine are a consequence of its ability to block presynaptic reuptake of catecholamines at
sympathetic nerve terminals and stimulate central sympathetic outflow.47, 48 It is unknown
how cocaine and its metabolites activate endothelial cells to secrete VWF, whether by
engaging a cell surface receptor or an intracellular target. Also unknown are the signaling
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pathways involved. We found that endothelial cAMP concentrations do not increase in
endothelial cells treated with cocaine or its metabolites.

It is noteworthy that myocardial infarction is a more common thrombotic consequence of
cocaine abuse than is stroke. Our studies in a cell culture system suggest that brain-derived
endothelial cells contain more VWF and are more sensitive to cocaine and cocaine
metabolites than coronary artery-derived endothelial cells. The inability of CAEC to
produce platelet–VWF strings is of unclear significance in light of the clinical and
pathologic data supporting a role for platelet–VWF interaction in cocaine-associated
myocardial infarction. Although we have shown that CAEC contain similar intracellular
ADAMTS13 quantities as the two other endothelial types studied, it is possible that
ADAMTS13 on the surface of CAEC is more active than in other cell types, leading to
increased clearance of VWF from the surface of CAEC in the static assays used in our
studies. In addition, unlike other tissue beds, coronary arterial flow is subjected to
compressive forces exerted by cardiac muscle and differs from flow in other arteries in
being highest during diastole instead of systole. It remains possible as well that cocaine- and
cocaine metabolite–activated coronary artery endothelium is able to capture circulating
VWF and/or platelet–VWF aggregates, a process that would be promoted by increased VWF
and/or ULVWF abundance in the blood, platelet activation, and vaso-constriction-induced
shear stress. It is possible that in vivo models may be more revealing than in vitro studies.

Interestingly, evidence for cocaine-induced thrombosis has been reported after low-dose
intranasal cocaine delivery to treat epistaxis.49 It is interesting to speculate that cocaine’s
ability to arrest epistaxis and other bleeding events is not due simply to local vasospasm, as
has been postulated, but rather to platelet-mediated thrombosis within bleeding vessels. The
septal necrosis reported in chronic cocaine abusers whose preferred route of administration
is “snorting” may thus represent thrombosis as opposed to sequelae of vasoconstriction.

In summary, we report here that cocaine and two of its metabolites, benzoylecgonine and
cocaethylene, potently stimulate release of hyperadhesive forms of VWF from endothelium,
providing at least one mechanism by which this commonly used recreational drug can cause
potentially catastrophic thrombotic events. The likelihood of developing occlusive coronary
thrombi is increased even further by the vasoconstrictive effect of these drugs. These data
also suggest that therapy for these events should be tailored toward disrupting this
mechanism of thrombosis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

Individuals who abuse cocaine are at high risk of thrombosis, particularly stroke and
myocardial infarction. Over 240,000 individuals are seen each year in US Emergency
Rooms with cocaine induced chest pain, of which an estimated 15,000 suffer myocardial
infarction. The risk period for cocaine-associated thrombosis extends days after cocaine
is no longer detectable in plasma, including a 10-fold increased risk of acute coronary
stent thrombosis following angioplasty. We hypothesized that longer-lived cocaine
metabolites participate in increased thrombotic risk by directly activating endothelial
cells to release von Willebrand Factor (VWF). We found that two cocaine metabolites,
benzoylecgonine and cocaethylene, are potent inducers of VWF release from brain- and
coronary-artery derived endothelial cells, and in some cases more potent than cocaine
itself. This suggests that a common mechanism of cocaine-induced thrombosis is VWF
dependent and could be treated by disrupting the platelet-VWF interaction.
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Figure 1. Cocaine induces VWF release from HUVEC, BMVEC, and CAEC
Cultured endothelial cells at passage 2–4 were incubated with the indicated agonists or
serum-free medium (untreated) at 37°C. VWF abundance was determined in cell
supernatants by dot blot analysis using an HRP-conjugated detection antibody and expressed
in milliunits (mU) calibrated to a standard curve of normal human reference plasma. A)
VWF release following incubation with cocaine at the indicated concentrations for each of
the three endothelial cell types. VWF release following incubation with cocaine metabolites
was also assessed from HUVEC (B), BMVEC (C), and CAEC (D) as compared to histamine
50μM or dDAVP 4μg.ml. The results are expressed as means +/− SEM. * Tukey’s HSD
test, as compared to untreated cells (p < 0.05). ~ Tukey’s HSD test, not different than
histamine treated cells (p > 0.05).
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Figure 2. Cocaine, benzoylecgonine, and cocaethylene induce platelet–VWF string formation on
the surface of stimulated HUVEC and BMVEC
HUVEC or BMVEC were grown to confluence on glass coverslips and stimulated with
histamine 50 μM (H), cocaine 1μg/ml, serum free media (untreated, U), or cocaine
metabolites. The coverslips were then placed in a parallel-plate flow chamber and perfused
with platelets at 2.5dyne/cm2. Platelet–VWF strings were visualized by phase-contrast
videomicroscopy. Arrows indicate platelet-VWF strings. A) Video capture of platelet-VWF
strings in a representative 40X field of histamine-stimulated HUVEC cells. Strings per 40X
field were counted for HUVEC (B) and BMVEC (C). The results are expressed as means +/
− SEM. * Tukey’s HSD test, as compared to untreated cells (p < 0.05). ~ Tukey’s HSD test,
indicating no difference as compared to histamine treated cells (p > 0.05). D) GPIb
dependence of string formation was assessed in the presence or absence of the GPIbα
antibody AK2 after stimulation with no agonist (Untreated, U), cocaine, benzoylecgonine, or
cocaethylene at 1μg/ml. The results are expressed as the percent maximal strings formed
after histamine stimulation from a representative experiment.
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Figure 3. HUVEC, BMVEC, and CAEC VWF and P-selectin content
A) Cultured endothelial cells were fixed and permeabilized. VWF (red) and P-Selectin
(green) was then assessed by immunofluorescence. Cell nuclei were stained with DAPI
(blue). The merged image shows colocalization of VWF and P-Selectin in each cell type. B)
VWF immunflourescence per DAPI-positive cell was calculated and is shown for each
indicated endothelial cell type (arbitrary units). The results are expressed as means +/−
SEM. * Tukey’s HSD test, as compared to CAEC (p = 0.0002). ** Tukey’s HSD test, as
compared to HUVEC (p < 0.0001).
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Figure 4. Cocaine, benzoylecgonine, and cocaethylene induce secretion of ULVWF
Endothelial cells exposed to the indicated agonsists (H = histamine 100μM, C =
cocaine1μg/ml, BE = benzoyecgonine 10μg/ml, CE = cocaethylene 10μg/ml). Supernatants
were then subjected to non-reducing gel electrophoresis, and VWF multimer patterns were
assessed by Western blot. Normal pooled human plasma (NPP) was used as a control with
0.0125 μl loaded (left lane) and 0.025 μl loaded (right lane). For each panel, lanes are
derived from a single gel. The dashed line represents the same band number (14) counted
from the bottom applied to each cell type. Higher molecular weight forms (ULVWF) are
present above the dotted line.
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Figure 5. CAEC translocate P-selectin to the cell surface and express αvβ3 and ADAMTS13
A) Endothelial cells were incubated with serum free media (unstimulated) or cocaine 1μg/
ml (stimulated). Cells were then fixed without permeabilization and stained with an anti-P-
selectin antibody (green). B) Endothelial cells fixed without permeabilization (αvβ3) or
with permeabilization (ADAMTS13). Cell surface αvβ3 (green) and intracellular
ADAMTS13 (red) was detected for each indicated endothelial cell type. In all panels, nuclei
are stained with DAPI (blue).
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Figure 6. Cocaine and cocaine metabolites do not increase intracellular cAMP levels
HUVEC were grown to confluence and incubated with the indicated agonists (dDAVP 4μg/
ml, forskolin 2μM, and histamine 50μM) or serum free media (untreated). Cocaine and
metabolite concentrations indicated are in μg/ml. Intracellular cAMP concentration was
determined in cell lysates for each condition as indicated. The results are expressed as means
+/− SEM. * Tukey’s HSD test, as compared to untreated cells (p < 0.05).
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