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Abstract
Quiescent pulmonary endothelium establishes an anti-thrombotic, anti-inflammatory surface that
promotes blood flow. However, the endothelium rapidly responds to injury and inflammation by
promoting thrombosis and enabling the directed transmigration of inflammatory cells, such as
neutrophils, into the alveolar airspace. While the endothelial cell signals responsible for
establishing a pro-thrombotic surface are distinct from those responsible for recognizing
circulating neutrophils, these processes are highly inter-related. Von Willebrand factor stimulated
secretion plays an important role in thrombus formation, while P-selectin surface expression plays
a key role in neutrophil binding necessary for transmigration. Both von Willebrand factor and P-
selectin are located within Weibel-Palade bodies in pulmonary arteries and arterioles, yet Weibel-
Palade bodies are absent in capillaries. Despite the absence of the Weibel-Palade bodies,
pulmonary capillaries express both von Willebrand factor and P-selectin. The physiological and
pathophysiological significance of these observations is unclear. In this review, we address some
anatomic and physiologic features that distinguish pulmonary artery, capillary, and vein
endothelium. In addition, we review our current understanding regarding the stimulated secretion
of von Willebrand factor and P-selectin in pulmonary artery and capillary endothelium. This
information is considered in the context of vasculitis and pneumonia, two pathophysiological
processes to which the stimulated secretion of von Willebrand factor and P-selectin contribute.
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Introduction
The pulmonary vascular tree is the largest vascular bed in the human body, as it comprises
an area equal to 120 m2 1. Endothelium coats this vascular system, forming a continuous,
semi-permeable barrier between blood and tissue. At the same time, pulmonary endothelium
serves as a nonthrombogenic surface; controls vascular tone and tissue perfusion; and plays
key roles in leukocyte trafficking and inflammation.

Today, the heterogeneous nature of lung endothelial cells along the arterial-capillary-venous
axis is widely recognized both in vivo and in vitro. From developmental origins to
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morphological and functional attributes, the lung arterial endothelial cells (macrovascular
circulation) and capillary endothelial cells (microvascular circulation) are two distinct
biological entities (Figure 1). These attributes range from gene expression patterns 2; lectin
binding capacity 3.; resting membrane potentials 4; cAMP dynamics 5; intracellular calcium
signaling 6; and oxidant signaling and sensitivity 7, to intercellular junctions 8; cytoskeletal
dynamics 9; caveolar density 10; semi-permeable barrier function 11; flow alignment 12; cell
proliferation 13; and the response to inflammatory mediators 14. Recent evidence suggests
that the heterogeneity of lung endothelium is even broader than previously recognized.
Therefore, this brief review discusses new findings from our laboratory and other
investigative groups that have advanced our understanding of the incredible diversity of lung
endothelial cells, specifically considering the expression, location, and function of von
Willebrand factor, P-selection, and Weibel-Palade bodies (WPb).

Defining Lung Endothelial Phenotypes: Macrovascular vs. Microvascular
Pulmonary Endothelium

Blood flow through the pulmonary circulation is directly influenced by airway pressure.
High airway pressure distinctly impacts the conduit and microvascular circulations, as it
opens so-called extra-alveolar vessels and closes so-called alveolar vessels. This
physiological demarcation occurs in small precapillary vessels that range between 25-100
μm in diameter. Interestingly, a similar functional demarcation can be resolved using lectin
binding criteria, both in vivo and in vitro. When a dual lectin-binding approach is used in the
intact pulmonary circulation, Helix pomatia and Griffonia simplicifolia co-localize in a
region of the vascular tree with a diameter of approximately 25 μm. Upstream from this co-
localization site endothelium binds to H. pomatia, while downstream, endothelium binds to
G. simplicifolia 15. In culture, these lectin-binding properties do not change, and they are
conserved regardless of cell passage number, as H. pomatia preferentially binds to lung
macrovascular endothelial cells, while G. simplicifolia preferentially binds to lung
microvascular endothelial cells (Figure 3) 3, 16. In the case of the pulmonary veins, the
lectin-binding pattern of their endothelial coat has not been extensively tested, however,
preliminary data suggests that Sambucus nigra discerningly binds pulmonary vein
endothelial cells (Creighton JR, unpublished).

Heterogeneity in the Stimulated Secretion of Von Willebrand Factor
This alveolar and extra-alveolar anatomic partition correlates with the presence or absence
of the pro-thrombotic and pro-inflammatory WPb in pulmonary endothelia. WPb are
secretory granules that store von Willebrand factor, factor XIIIa, P-selectin, and
interleukin-8 17. Following endothelial activation or injury, WPb fuse with the cellular
membrane releasing their contents in a regulated manner. While the pulmonary artery
endothelium contains WPb, pulmonary capillaries do not 18. Despite the absence of WPb,
pulmonary capillary endothelial cells express von Willebrand factor, factor VIII and P-
selectin, suggesting that the lung capillaries have WPb-independent mechanisms of storing
and secreting pro-thrombotic and pro-inflammatory factors. The precise intracellular locale
for these important rheostatic regulators remains uncertain, as do the mechanisms for their
stimulated secretion.

The physiological relevance of these fundamental endothelial cell anatomic features is still
poorly understood. For example, both stimulated von Willebrand factor and factor VIII
secretion contribute to hemostasis, yet it is unclear how or why these factors collect in the
WPb of extra-alveolar endothelium, and fail to do so in capillary endothelium. One
explanation is based on the idea that organelles are anatomically excluded from the cell
periphery within capillaries. Indeed, pulmonary capillary endothelial cells cover a large
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surface area if viewed en face, with extremely thin cytoplasmic extensions that do not
possess organelles; organelles are localized in the peri-nuclear region in capillaries. The
expansive, thin cytoplasmic region is less than 100 nm in diameter, and resides on a
basement membrane that is fused with an adjacenT-type I epithelial cell. This anatomic
feature forms the basis of the alveolar-capillary membrane that optimizes gas exchange.
While such an anatomic organization describes that organelles are restricted from the cell’s
periphery, it provides no mechanistic insight into why pulmonary capillary endothelial cells
fail to form WPb, and is therefore an unsatisfactory explanation. Indeed, it is generally
believed that von Willebrand factor expression is sufficient to induce WPb formation, and
recent work from Michaux and collegues support this contention, as expression of the full
length von Willebrand factor induces the formation of WBb-like organeles in HEK293 cells
19.

WPb store multimers of von Willebrand factor. Such multimers form through an interaction
within the von Willebrand factor D’ and D3 (D’-D3) domains. The D’-D3 domains have a
number of crucial roles. This N-terminal region has been implicated in von Willebrand
factor storage 20, multimerization (N-terminal interchain disulphide bond formation) 21,
binding and stabilization of factor VIII 22, 22, binding the P-selectin lumenal domain, and
triggering P-selectin recruitment to the WPb 23. In particular, the N-terminal interchain
disulphide bond formation is critical for generation of the subcellular organelles that
morphologically resemble WPbs 24. This domain may undergo splicing, resulting in a
truncated von Willebrand factor form that renders it unable to multimerize, and hence,
unable to generate the WPb. It remains unclear as to whether capillary endothelial cells
remove the D’-D3 domain by splicing, providing a putative mechanistic explanation for
their lack of WPb. Resolving this critical question will provide novel insight into the
capillary endothelial cell phenotype, and enable more rigorous physiological studies to be
conducted towards a comprehensive understanding of coagulation within the pulmonary
microcirculation.

Once secreted, von Willebrand factor multimers interact with the exposed sub-intimal
matrix, extend upon exposure to shear, and adhere to activated platelets to facilitate clot
formation. Blood flow and shear stress throughout the lung circulation differs substantially.
The pulmonary artery accommodates 100% of the cardiac output in a low-pressure
environment (pulmonary artery pressure ≈ 25/8 mm Hg), with low shear stress in humans
(Human: Pulmonary Artery Diameter ≈ 2.7 cm, Blood Flow = 5 L/min, Shear Stress = 1.72
dynes/cm2; Rat: Pulmonary Artery Diameter ≈ 1.5 mm, Blood Flow = 25 mL/min, Shear
Stress = 50 dynes/cm2). In contrast, not all capillaries are perfused at rest, and shear stress in
the perfused capillaries is estimated to be relatively high based on similar estimates in the
systemic circulation (Cat Mesenteric Capillary: Capillary Diameter = 7 μm, Shear Stress ≈
30 dynes/cm2); increasing cardiac output or increasing venous pressure recruits new
capillary circuits. Veins accommodate 100% of the blood returning to the left atrium, again
with low shear stress (Human: Pulmonary Vein Diameter ≈ 1 cm, Blood Flow = 1.25 L/min,
Shear Stress = 8.49 dynes/cm2), yet these vessels differ from their systemic counterparts in
that they lack valves, and are not influenced by a skeletal muscle pump. Rather, certain
pulmonary veins are encased with cardiac muscle apparently derived from the left atrium 25.
The function of this cardiac tissue remains poorly understood; although it is possible the
vein-associated cardiac myocytes coordinate with the cardiac cycle to facilitate pulmonary
venous return.

While clots form in all three major pulmonary vascular segments, e.g. arteries, capillaries,
and veins, little consideration is given as to whether the unique attributes of endothelial cell
phenotypes within arteries, capillaries and veins, or the vessel biophysics among these
segments, contributes to coagulation. Indeed, it is not clear whether the presence of a WPb
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in extra-alveolar endothelium, and the absence of WPb in alveolar endothelium, confers a
benefit to these segments of the pulmonary circulation. Nonetheless, indirect evidence is
mounting that coagulation and thrombus formation may not occur by identical mechanisms
in all vascular segments.

Hemostatic changes are a prominent finding in vasculitis 26. A study of vasculitis reveals
that endothelial cell phenotype, and the microenvironment in which the endothelium resides,
may contribute to the disease process. Behçet’s syndrome and Wegener’s granulomatosis
cause both pulmonary macrovascular and microvascular compromise. However, Churg-
Straus syndrome and microscopic polyangiitis appear to be restricted in their impact; where
Churg-Strauss syndrome targets medium-sized arteries and veins of the macrocirculation,
and microscopic polyaniitis only compromises arterioles, capillaries and venules of the
microcirculation 27. Identical results are found in other vasculitides that uncommonly impact
the pulmonary circulation: whereas necrotizing sarcoid granulomatosis, Takayasu’s arteritis,
and giant cell arteritis cause macrovascular compromise; crytoglobulinemic vasculitis causes
microvascular demise. Similarly, new information is arising regarding the link between deep
venous thrombosis and pulmonary embolism, suggesting the pulmonary endothelium may
support primary clot formation more frequently than previously appreciated. Nearly 30-40%
of patients presenting with deep venous thrombosis had demonstrated evidence of
asymptomatic pulmonary embolism, indicating the association between deep venous
thrombosis and pulmonary embolism is more common than previously suspected 28, 29. In
addition, a recent retrospective review of trauma patients undergoing computed tomographic
pulmonary angiography and computed tomographic venography revealed that 19% of
patients were diagnosed with pulmonary embolism, whereas only 7% had deep venous
thrombosis, suggesting the thrombus originated from within the pulmonary circulation 30.
Among the number of pulmonary embolism events that were resolved, eight were found in
the main or lobar pulmonary arteries and 28 were observed in segmental or subsegmental
branches. If the origin of these thrombi is within the pulmonary circulation, then given what
we now know about endothelial heterogeneity in macro- and microvascular segments, we
may consider that the mechanisms responsible for thrombus generation are distinct. A more
systematic study of these disease processes, with careful consideration given to the vascular
site that is impacted, will yield important new information about the disease process, and
mechanisms of endothelial cell phenotype specification.

Heterogeneity in P-Selectin Surface Expression
P-selectin is packaged within the WPb, yet, like von Willebrand factor, its expression can be
resolved in lung capillaries. Recently, Wu and colleagues addressed this important issue, and
found that whereas little P-selectin is typically present on the capillary surface, thrombin
rapidly induces P-selectin surface expression 31, 32. Using P-selectin antibodies conjugated
to quantum dots, these investigators utilized transmission electron microscopy to
demonstrate subcellular foci within capillary endothelium that are enriched with P-selectin
immunoreactivity. While these subcellular foci are within the cytoplasm, they are not within
conventional WPb, consistent with evidence documenting the absence of WPb in capillary
endothelium 32. Whether or not P-selectin is contained within a distinct vesicular structure
remains to be determined. However, the P-selectin pool does not co-localize with von
Willebrand factor 32. The explanation for such “mis-targeting” of P-selectin and von
Willebrand factor is presently unclear, and has not be experimentally addressed; it is
possible that expression of a von Willebrand factor splice variant lacking the P-selectin
lumenal domain could account for such mis-targeting.

The presence of P-selectin of lung capillaries has important physiological implications.
Unlike the systemic circulation, the principal site of neutrophil trafficking from the blood

Ochoa et al. Page 4

Semin Thromb Hemost. Author manuscript; available in PMC 2011 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



into the tissue (and alveoli) is through capillaries 33. Infection results in the stimulated
surface expression of P-selectin, which is necessary for neutrophils to adhere to capillary
endothelium and initiate transmigration 34, 35. In this physiological context, the significance
of P-selectin found within WPb of the extra-alveolar vessels is poorly understood, just as is
the anatomic locale of capillary P-selectin.

The stimulated P-selectin surface translocation occurs following an increase in either
cytosolic calcium or cAMP. Thrombin is a physiologically relevant first messenger that
increases endothelial cell cytosolic calcium. Thrombin activates phospholipase C, which
cleaves phosphatidyl inositol 4,5-bisphosphate into diacyclglycerol and inositol 1,4,5-
trisphosphate (InsP3). Whereas diacylglycerol activates receptor operated calcium entry
channels, InsP3 promotes calcium release from the endoplasmic reticulum and calcium entry
through store operated calcium entry channels. These global calcium regulatory mechanisms
initiate P-selectin surface expression in pulmonary artery endothelial cells 31, 32, although
the precise calcium influx channel that is responsible for this effect in extra-alveolar
endothelium is unknown.

Thrombin similarly induces P-selectin surface expression in pulmonary capillary endothelial
cells, however in this case, neither receptor operated nor store operated calcium entry
channels appear to provide the calcium source. Capillary endothelial cells express a T-type
(Cav3.1) voltage gated calcium channel that extra-alveolar endothelial cells in the
pulmonary circulation do not possess. In addition to activating both receptor-operated and
store-operated calcium entry channels, thrombin induces membrane depolarization that, in
capillary endothelial cell, is sufficient to activate the T-type calcium channel. Hence,
thrombin stimulates calcium influx through the T-type calcium channel in capillary
endothelial cells, and this calcium influx increases whole cell free cytosolic calcium. Using
histology, fluorescence microscopy, and electron microscopy approaches, the Wu group
resolved that thrombin promotes P-selectin surface expression in lung capillaries, and
further, that this response depends upon the T-type calcium channel. Not only was the
thrombin-induced P-selectin surface expression abolished by pharmacological blockade of
the T-type calcium channel, this response was abolished in mice genetically deficient of the
T channel 32, 36.

As neutrophil transmigration from the circulation into the distal airspace requires P-selectin,
it is unclear whether this physiological process is similarly reliant upon function of the T-
type calcium channel. Just recently studies were initiated to test this idea. Airway
Pseudomonas aeruginosa inoculation causes pneumonia which progresses to sepsis and
acute lung injury (Alvarez, Stevens; unpublished). Analysis of bronchoalveolar lavage fluid
and histological assessments confirm neutrophil recruitment into alveoli in this model.
However, in mice deficient of the T-type calcium channel, airway neutrophil recruitment is
abolished, indicating a critical adaptive role for the T-type calcium channel that is essential
for the neutrophil response to infection (Wu, unpublished).

On the Discrete Nature of Endothelial Cell Calcium Signals
Studies on the location and function of the T-type calcium channel reveal that its expression
in endothelium is restricted to capillaries, as least in the pulmonary circulation 37. Calcium
signals in endothelium cause endothelial cell barrier disruption, and thrombin is a widely
acknowledged calcium agonist that increases permeability 38. However, thrombin, or
protease activated receptor peptides, likely increase permeability across extra-alveolar
endothelium, and not across alveolar endothelium 39. Studies undertaken to examine
whether activation of the T-type calcium channel increases capillary endothelial cell
permeability revealed no such effect 36. It therefore appears that the capillary endothelial
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cell T-type calcium channel provides a calcium source that is functionally coupled to P-
selectin surface expression and neutrophil trafficking, but has no role in disrupting cell-cell
or cell-matrix adhesion. In an in vitro study, release of von Willebrand factor – generally
considered to co-localize with P-selectin in WPbs – was differentially controlled in
pulmonary macro- and microvascular endothelial cells, where the α1G T-type channels
mediated regulated von Willebrand factor release exclusively in pulmonary microvascular
endothelial cells 40.

Whereas the T-type calcium channel is not implicated in endothelial cell barrier disruption,
another channel abundantly expressed in capillary endothelium, the transient receptor
potential 4 protein within the vanilloid subfamily (TRPV4), has been incriminated in control
of the endothelial cell barrier. In this case, TRPV4 channel activation increases capillary
permeability resulting in alveolar flooding 41, 42. An interesting aspect of these results is
that, to date, TRPV4 activation has not been shown to induce inter-endothelial cell gaps,
which represent the best-described mechanism of exudation. Rather, TRPV4 activation
causes loss of cell-matrix association leading to sluffing, a prominent finding in acute lung
injury. Mechanisms responsible for this loss of cell-matrix tethering are poorly understood.
Collectively, we have learned an important lesson from these studies, as it has become clear
that the activation of two different calcium channels, the T-type and the TRPV4 calcium
channels, similarly increase free cytosolic calcium, but have highly specialized
physiological functions 36.

The actions of these two channels can be further contrasted with those of the transient
receptor potential channels within the canonical subfamily (TRPC) 43. In this case, a
heteromeric channel comprised of at least TRPC1 and TRPC4 subunits is activated by
thrombin and protease activated receptor peptides, resulting in increased endothelial cell
permeability. However, unlike the TRPV4 channel, activation of the TRPC1/4-containing
channel induces inter-endothelial cell gaps as a mechanism for exudation. Indeed, the
systematic study of these three ion channels has taught us about heterogeneity of pulmonary
endothelium, the fundamental cell biology of endothelium, and basic mechanisms relating to
the response to inflammation, in particular neutrophil trafficking and permeability.

Conclusions
The past 10 years of research has begun to unravel a striking heterogeneity in the structure
and function among endothelial cells in pulmonary arteries, capillaries and veins. Just
recently, endothelial cell biologists have begun to recognize the discrepancies that exist in
our knowledge regarding the expression of von Willebrand factor and P-selectin, and the
relationship between these important pro-thrombotic, pro-inflammatory factors and their
stimulated secretion in pulmonary arteries and capillaries. Future studies will be needed to
mechanistically determine why von Willebrand factor and P-selectin are not organized into
WPb in capillaries, and why they exist in discrete cytosolic loci within the capillary
endothelium. Once established, this new knowledge in our basic understanding of
endothelial cell structure and function will pave the way toward a better resolution of the
mechanisms that contribute to thrombosis and neutrophil trafficking in inflammatory
disorders such as vasculitis, pneumonia and acute lung injury.
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Figure 1.
Scanning electron micrograph of a methylmethacrylate casted lung reveals both the
pulmonary macro- and microcirculation. A. Arrow points to extra-alveolar vessel. Scale 100
μm. B. Pulmonary microcirculation. White arrowheads point to arterioles and capillaries.
Scale 50 μm. Electron micrographs courtesy of Dr. Diego Alvarez.
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Figure 2.
Transmission electron micrographs of rat lung endothelium. A. Pulmonary artery endothelial
cells. B. Pulmonary capillary endothelial cells. Scale 2 μm. Micrographs courtesy of Dr.
Judy A. King.

Ochoa et al. Page 11

Semin Thromb Hemost. Author manuscript; available in PMC 2011 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Flow cytometry analysis of lung endothelium. Pulmonary artery endothelial cells bind to
PECAM-1, VE-cadherin, von Wilebrand factor and Helix pomatia. Pulmonary capillary
endothelial cells bind to PECAM-1, VE-cadherin, von Wilebrand factor and Griffonia
simplicifolia. Adapted from 16, with permission.
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Figure 4.
Transmission electron micrographs of human lung endothelium. A. Pulmonary artery
endothelial cells contain Weibel-Palade bodies (black arrowheads). B. Pulmonary capillary
endothelial do not contain Weibel-Palade bodies; however, they contain large number of
caveolea. Scale 200 nm. Micrographs courtesy of Dr. Judy A. King.
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