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Abstract

Platelets and the lungs have an intimate relationship. Platelets are anucleate mammalian blood

cells that continuously circulate through pulmonary vessels and that have major effector activities

in hemostasis and inflammation. The lungs are reservoirs for megakaryocytes, the requisite

precursor cell in thrombopoiesis, which is the intricate process by which platelets are generated.

Platelets contribute to basal barrier integrity of the alveolar capillaries, which selectively restricts

the transfer of water, proteins, and red blood cells out of the vessels. Platelets also contribute to

pulmonary vascular repair. Although platelets bolster hemostatic and inflammatory defense of the

healthy lung, experimental evidence and clinical evidence indicate that these blood cells are

effectors of injury in a variety of pulmonary disorders and syndromes. Newly discovered

biological capacities of platelets are being explored in the context of lung defense, disease, and

remodeling.
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INTRODUCTION

Platelets are specialized anucleate blood cells that are unique to mammals (1). As with all

blood cells, platelets have an intimate relationship with the lungs. Platelets transit the

pulmonary vessels and are present in alveolar capillaries together with erythrocytes and

leukocytes. Megakaryocytes—the parent cells that spawn platelets—are found in the

mammalian lungs. There is evidence that the lungs are sites of thrombopoiesis, the intricate

process of platelet production, and that the lungs of humans and nonhuman mammals are

reservoirs for platelets and release them in response to certain stimuli. There is also evidence

that platelets regulate pulmonary vascular permeability and the barrier function of the

alveolar capillaries and influence pulmonary vasoreactivity. Platelets likely have specialized

activities in lung repair. Recent experimental models and clinical observations indicate that

platelets are key in pulmonary defenses and integrity but that these cells can also be

effectors of injury in lung diseases. Interest in platelet activities in pulmonary pathology has
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been particularly keen in studies of acute lung injury (ALI) and the acute respiratory distress

syndrome (ARDS) (see sidebar on ARDS), but platelets also contribute to the

pathophysiology of a variety of other lung disorders and to systemic syndromes that involve

the lungs.

Several reviews catalog a wealth of observations relevant to platelets and the lungs (2–12).

Here we focus on some of these issues and draw on both experimental and clinical inquiries.

PLATELET BIOLOGY, OLD AND NEW: A SYNOPSIS

Platelets are highly specialized effector cells in physiological hemostasis and are critical in

pathological thrombosis. The primary-hemostatic activities of platelets, recognized for more

than a century, have been recently considered in a comprehensive fashion (1) and cannot be

discussed in detail here because of space limitations. Platelets are also major inflammatory

cells with activities that span the immune continuum (4, 13–15). The inflammatory activities

of platelets contribute to lung defense but, in addition, mediate damage in ALI/ARDS and

other clinical and experimental syndromes of lung inflammation (6–8, 12). Molecular

mechanisms that link the interplay of hemostatic and inflammatory activities of platelets in

physiology and disease were recently reviewed (7, 12, 15).

ACUTE RESPIRATORY DISTRESS SYNDROME

Acute respiratory distress syndrome (ARDS) is a common and lethal form of acute

respiratory failure. In humans, acute lung injury (ALI)/ARDS is a spectrum based on

clinical, physiological, and radiographic diagnostic criteria and indices of severity. ALI/

ARDS can be modeled in mice and other experimental animals. ALI/ARDS involves

injury to the alveolar capillary endothelium and epithelium, resulting in barrier disruption

and increased-permeability pulmonary edema, with consequent severe hypoxemia and

other pathophysiological sequelae. Inflammatory injury to the alveolar endothelium and

epithelium, deposition of fibrin and other proteins in vessels and on the epithelial surface,

and dysregulated repair of alveolar cells and structures are important pathogenetic

mechanisms in ALI/ARDS. Experimental and clinical evidence indicates that activated

platelets contribute to initiation and/or amplification of alveolar damage in ALI/ARDS

and that alterations in platelet number and function influence the natural history of this

syndrome.

Newly discovered and previously unrecognized facets of platelet biology have emerged

from recent studies. Such discoveries include evidence for a remarkably rich transcriptome

that includes pre-mRNAs, mRNAs, and microRNAs; diverse pathways for processing RNA

transcripts; specialized mechanisms of translation; and the capacity to synthesize new

proteins and alter the constitutive platelet proteome in response to activating signals (15–

18). The platelet genome is now being extensively mined in basic and clinical investigations

(17, 19, 20) and is being utilized as a tool for molecular characterization of rare platelet

phenotypes and diseases of platelet dysfunction (21). Anucleate platelets and previously

uncharacterized circulating precursor cells can, surprisingly, generate functional daughter

progeny (22, 23). Platelets can signal and induce functional cellular responses outside of the

vasculature by releasing soluble factors and microparticles in addition to directly interacting

with leukocytes, erythrocytes, and endothelial cells (reviewed in References 12 and 15).

Most of these newly identified activities of platelets were revealed by studies of human

cells, establishing immediate translational relevance, but have also been demonstrated in

mouse models. Other examples of the new biology of platelets are likely to be discovered

(16).
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PULMONARY MEGAKARYOCYTES AND THE LUNG AS AN ORGAN OF

THROMBOPOIESIS

The megakaryocyte is the central cell in thrombopoiesis, the intricately regulated series of

events by which platelets are generated. Megakaryocytes are unique, polyploid

hematopoietic cells that are found only in mammals and are specialized to produce and

release platelets and immediate platelet precursors into the circulation (reviewed in

Reference 24). The global process of thrombopoiesis includes megakaryocyte precursor

development from stem cells and cell fate determination; the remarkable events of

endomitosis and the development of polyploidy; internal membrane, tubular, cytoskeletal,

and granule evolution directed by key transcription factors and transcriptional programs;

regulated apoptosis; and additional intricate and time-dependent events (24). Cytokines

regulate megakaryocyte development and platelet formation at multiple steps.

Megakaryopoiesis is driven by thrombopoietin (TPO), although TPO and other cytokines

critical for megakaryocyte development are not required for the late stages of

thrombopoiesis in vitro (24).

There is considerable evidence that the late steps in platelet production occur by the

formation, by megakaryocytes, of elongate processes termed proplatelets (although this

mechanism is not uniformly agreed upon) (Figure 1). Proplatelets form in vivo, and

megakaryopoiesis and proplatelet extension can be modeled and observed in vitro (reviewed

in Reference 24). The molecular events involved in the release of individual platelets from

proplatelets are complex and not completely worked out (24). Shear enhances platelet

release in vitro (23, 25) and appears to contribute to platelet release from proplatelet tips in

marrow sinusoids in vivo on the basis of intravital microscopic studies of mice (26). Platelet

generation by megakaryocytes, by proplatelets that have separated from the megakaryocyte

cell body, or by novel precursor cells may occur in the bloodstream (22–24) (see below).

Although physicians and basic physiologists know the bone marrow to be the traditional site

of platelet production, in vitro modeling demonstrates that central events in thrombopoiesis

are directed by cell-autonomous mechanisms and do not require the specific bone marrow

environment (24). Many studies indicate that the lung is a site of platelet biogenesis. A

central feature suggesting this is that megakaryocytes are found in vessels in the lungs of

nonhuman mammals and human subjects.

The first description of intravascular megakaryocytes in the lung is attributed to Aschoff

(discussed in References 24, 27, and 28). Fueled by Aschoff’s observations, studies of

experimental mammals and in humans have consistently reported the presence of

megakaryocytes in lung vessels, although the numbers of lung megakaryocytes and their

significance to thrombopoiesis in health and disease have been controversial. An early and

often-cited study provided observations largely from anesthetized cats but also from dogs

and utilized blood sampling and histological examination of lungs from these animals. Giant

cells, interpreted to be megakaryocytes, were found in lung sections from all animals

studied, in variable numbers that were interpreted to be due to sampling differences and

individual variation (27). The investigators further noted that the morphology of the

intravascular giant cells in the lung is somewhat different from that of megakaryocytes in

the marrow or spleen. The researchers also pointed out that the cellular morphology

included nuclei with attached cytoplasmic processes that were identified in serial sections in

addition to apparently naked intravascular nuclei. On the basis of these and other

observations, Howell & Donahue (27) challenged an idea in the field that held that

megakaryocytes lose their cytoplasm as a result of platelet formation in the marrow and that

naked giant nuclei then somehow exit the marrow and accumulate in lung vessels.

Countering this idea, they proposed that megakaryocytes with retained cytoplasm are
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frequently present in the pulmonary circulation and may be in a state of active platelet

production (27).

Subsequent studies indicated that megakaryocytes are present in the lungs of rabbits, rats,

and mice (28–31; reviewed in References 24 and 30). Camera lucida drawings in early

reports of lung megakaryocytes included cells with cytoplasmic extensions consistent with

proplatelets (27, 28). Histological surveys reported that 6–18 megakaryocytes cm−2 can be

detected in paraffin-embedded rabbit lung sections, with an approximately three- to sixfold

increase in lungs from animals perturbed to become thrombocytopenic (reviewed in

Reference 30). Nevertheless, an analysis of mouse lungs resulted in the conclusion that

megakaryocytes, including naked nuclei and large cytoplasmic fragments, are rare in

pulmonary blood vessels of animals of the C57BL/6 background both under basal conditions

and when the animals are made thrombocytopenic with platelet antiserum, a

chemotherapeutic agent, or with radiation (30). This interpretation was based on

immunostaining (polyclonal antibodies against the integrin β3 subunit or whole platelet

membranes) or hematoxylin and eosin staining of plastic-embedded tissue, combined with

light microscopy. More recently, an ultrastructural study reported that intact

megakaryocytes, bare nuclei, and cytoplasmic fragments were present in the lungs of

unperturbed CB6FL/J mice under basal conditions and when thrombocytosis was induced by

phlebotomy or treatment with TPO (31). Megakaryocyte nuclei almost devoid of cytoplasm

and with a morphological appearance suggestive of apoptosis were present in pulmonary

capillaries of animals with accelerated thrombopoiesis but were more difficult to identify in

control mice with basal platelet numbers. These studies (30, 31) suggest that detection of

megakaryocytes in murine lungs is influenced by the physiological state of the animal and

perhaps by specific microscopic detection methods (30) and other technical variables.

Staining with antibodies against determinants that are highly selective or specific for

megakaryocytes and platelets, such as integrin subunit αIIb (GPIIb; CD41), GPIb, or GPVI

(1), was not done in these studies. A parallel point is that there are quantitative differences in

sizes and numbers of megakaryocytes and platelets in mice and humans (32).

Megakaryocytes have also been routinely identified in examinations of human lungs in

diagnostic or forensic necropsies, and their numbers are increased in ALI/ARDS, burns,

disseminated intravascular coagulation, and thrombosis (reviewed in References 7, 24, 30,

and 33). Furthermore, megakaryocytes are routinely detected in diagnostic lung biopsies (7,

33). In addition, examination of selectively sampled vascular compartments consistently

demonstrates circulating megakaryocytes in peripheral and central venous blood of humans

and indicates that these cells are ~10-fold more abundant in pulmonary artery blood

compared with aortic blood (34–39). The subjects in some of these reports were largely

patients undergoing diagnostic procedures, with fewer completely healthy individuals

included if central blood sampling was done. In one study, megakaryocytes were found in

right atrial or high vena caval blood in each of 23 subjects undergoing diagnostic cardiac

catheterization. Approximately half of the megakaryocytes had an intact cytoplasm (35).

Microscopic images of blood megakaryocytes from some of these reports included cells

with cytoplasmic extensions that suggested proplatelets (35, 37, 38). Data from these studies

indicate that approximately 90% of intact megakaryocytes in pulmonary artery blood are

retained in the lung microvasculature and that many fewer transit the lungs and reach the

arterial circulation. These estimates are based on cell counts in blood from the right and left

sides of the lungs (39; reviewed in Reference 30), although in one study of patients

undergoing central venous and femoral arterial catheterization, as many as 21–56% of the

megakaryocytes in caval blood were thought to pass through the pulmonary vessels and to

recirculate (37). The number of circulating megakaryocytes was reported to be elevated in

the peripheral blood of patients with inflammatory lung conditions; this was consistent with

histological examination of lungs from patients with pulmonary inflammation in autopsy
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studies (40). A fascinating possibility suggested by greater numbers of megakaryocytes in

blood on the right side of the pulmonary vascular bed is that increased delivery of

megakaryocytes to the distal extremities via arterial blood is a mechanistic contributor to

hypertrophic pulmonary osteoarthropathy associated with intracardiac or intrapulmonary

shunts (reviewed in Reference 31).

A common interpretation from these and related clinical and experimental observations, and

one originally proposed by Aschoff, is that megakaryocytes originate in the marrow, are

carried to the lungs in venous blood, are trapped in pulmonary microvessels—the first

capillary bed to be encountered and the one that receives the entire circulating blood volume

under normal conditions—and are lodged there because of their size (31, 37, 39, 41)

(Figures 2 and 3). In a particularly informative study, megakaryocytes elutriated from

pulmonary artery blood of subjects undergoing cardiac catheterization ranged in diameter

from 16 to 88 μm, with a mean of 38.7 μm, and were further characterized on the basis of

cellular features (e.g., fibrinogen in storage granules as expected for megakaryocytes,

expression of integrin αIIbβ3) and apparent maturity (39). This size range predicts retention

in the lung vessels. The pulmonary capillary bed slows the transit time of leukocytes and

dynamically retains polymorphonuclear leukocytes (PMNs; also known as neutrophils),

which are considerably smaller than megakaryocytes (reviewed in Reference 11; see also the

next section) (Figure 2). Thus, the retention of mature megakaryocytes in pulmonary

microvessels because of their diameters is expected (Figure 2). The nuclear size and

complexity and, potentially, cytoskeletal rigidity of megakaryocytes (24) may also limit

their deformability and contribute to retention in the pulmonary circulation (Figure 3). In an

experiment in dogs, sequential perfusion of first the right lung and then the left lung resulted

in the accumulation of most of the blood megakaryocytes in the right lung, suggesting

trapping or filtration of megakaryocytes by pulmonary vessels (42). Differential blood

sampling in humans undergoing cardiopulmonary bypass also supported the interpretation

that megakaryocytes are retained in pulmonary vessels and indicated that the lungs

selectively remove large megakaryocytes (43). Although histological observations

demonstrate that pulmonary capillaries are common sites of megakaryocyte accumulation in

the lung, the diameters of megakaryocytes in central venous blood (39) are larger than those

of many pulmonary arterioles. Consistent with this finding, histological studies also show

megakaryocytes in larger vessels and in capillaries. Although physical trapping of

megakaryocytes in lung microvessels is likely a major mechanism of accumulation, surface

adhesion molecules on megakaryocytes may also contribute to intravascular retention in the

lung, particularly in conditions in which the pulmonary endothelium is activated because of

inflammation, infection, or injury (7, 10, 11). In vitro experiments demonstrated molecular

interactions between activated human endothelial cells and megakaryocytes and a

megakaryocyte cell line and showed that these interactions result in intercellular adhesion

and promote megakaryocyte maturation (44).

Reports in experimental animals of megakaryocytes transmigrating through endothelial

openings in marrow vessels, thereby apparently gaining access to the circulation, support the

concept that megakaryocytes are released from the marrow and are carried to the pulmonary

vessels (reviewed in References 24 and 41). Cell stage–specific responsiveness of

developing versus mature megakaryocytes to stromal cell–derived factor 1 (SDF-1) may

provide a mechanism for the retention of early megakaryocytes in the marrow and the later

release of fully differentiated megakaryocytes that are competent for thrombopoiesis into the

circulation, with subsequent transfer to the lungs via the blood (24). Nevertheless,

megakaryocyte precursors may be released from the marrow into the circulating blood under

some circumstances and may be trapped in the pulmonary microvascular bed because these

cells are also large (10–50 μm) (24) (Figure 2). If so, molecular interactions between lung

endothelial cells and megakaryocyte precursors may make unique signaling contributions
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that trigger or support intrapulmonary megakaryopoiesis. This issue has not been

definitively investigated, however.

Together, the clinical and experimental investigations to date demonstrate that

megakaryocytes reach the lungs and are retained in significant numbers in pulmonary

vessels in many, and likely all, mammals. Nevertheless, the contribution of pulmonary

megakaryocytes to thrombopoiesis (Figures 1 and 3) and total platelet production remains

controversial. The predictions and conclusions range from insignificant (although perhaps

only for the mouse) (30) to substantial (31, 35, 39, 45), and the quantitative estimates vary

from a small fraction to 100% (reviewed in Reference 24). A central observation is that

platelet numbers are higher in the pulmonary veins and systemic arterial vessels than in the

pulmonary artery in experimental animals and in humans. Comparison of platelet counts in

venous versus arterial blood, the right versus left ventricles, and the inferior vena cava

versus the aorta in cats, dogs, rabbits, and rats yielded platelet numbers that were higher on

the left side than on the right side of the lungs in most determinations (27, 29, 46, 47). In one

of these reports, retrograde perfusion of the lungs resulted in the recovery of large numbers

of megakaryocytes with degenerative nuclear changes in the effluent, suggesting that

platelets are released from intrapulmonary megakaryocytes (29). In an analysis of human

blood compartments, paired arm vein and radial artery determinants were done on samples

from one of the investigators in an early study, with platelet counts usually higher in the

radial artery sample and arterovenous differences similar to those recorded in cats (27). On

the basis of measurements of platelet numbers in arterial and right ventricular blood from

patients, and maneuvers that included cross-transfusion and epinephrine administration,

Bierman (2) concluded that human lungs either are sites of platelet production or are

reservoirs for platelets. Examination of paired samples from the right atrium or pulmonary

artery and the aorta of subjects undergoing diagnostic cardiac catheterization demonstrated

greater platelet numbers in the aortic blood from nine of ten patients; in addition, greater

numbers of megakaryocytes were found in the central venous blood samples compared with

the central arterial samples, consistent with other observations as outlined above (38). On

the basis of some of these studies and additional data, a computational analysis led to the

conclusion that a physical fragmentation process causes megakaryocytes in pulmonary

vessels to release all platelets in the circulation (48). A calculation based on the volume of

megakaryocyte cytoplasm in the human pulmonary circulation indicated that the expected

daily production rate of platelets can occur in human lungs (39).

A more recent study supports the possibility that the lungs are a site of platelet production

from megakaryocytes. Infusion of large and small murine fetal liver megakaryocytes with

associated proplatelets, or primary murine bone marrow megakaryocytes, into transgenic

mice with an endogenous platelet phenotype (expression of human integrin subunit αIIb)

that allowed quantitation of platelets generated from the wild-type infused cells resulted in

significant increases in circulating platelet numbers (49). The exogenous megakaryocytes

were injected into recipient mice via retro-orbital vessels or the tail vein, implying that they

would be carried to the central venous and pulmonary circulation, and infused

megakaryocytes labeled exogenously with BrdU or identified by staining of integrin subunit

αIIb were detected in lung sections of recipient ani-mals. Most of the BrdU-labeled cells

accumulated in the lungs, with few found in the spleen or liver (which are sites of

intravascular megakaryocyte accumulation in experimental animals and humans, as

documented by previous histological studies). This finding suggests that the lungs are the

dominant site of thrombopoiesis in this model but does not exclude platelet shedding in the

venous circulation prior to impaction of infused megakaryocytes in pulmonary microvessels.

Nevertheless, BrdU-labeled large megakaryocytes with cytoplasm were visible in the lungs

for at least 30 min after infusion, implying pulmonary release of some, and perhaps all, of

the newly generated platelets. Platelets released by infused megakaryocytes had the
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expected surface markers, had near-normal circulating half-lives, and were functional in an

in vivo thrombosis model (49). These results are interesting and informative from a

mechanistic standpoint and have implications for transfusion therapy because functional

megakaryocytes are currently more easily generated ex vivo than are platelets (49, 50).

There is evidence that platelet genesis from proplatelets released from megakaryocytes,

subsets of platelets, and/or novel immediate platelet precursors occurs in the bloodstream

(reviewed in Reference 24) (Figure 1). Such evidence first came from studies of platelet-rich

plasma from rat and human blood (51). More recently, we found that individual human

platelets from peripheral venous blood transform into elongate, multilobed cells that are

similar to detached proplatelets, that segregate organelles into the lobes, and that undergo

fission to yield daughter platelets (22) (Figure 1b,c). Analysis of murine fetal liver–derived

megakaryocytes with and without attached proplatelets, free proplatelets, and individual

platelets also identified free discoid cells that have the capacity to morph into barbell-shaped

precursors that undergo fission into platelets; these intermediate discoid cells are termed

preplatelets (23, 24). Murine preplatelets are larger than mature platelets (3–10 mu;m versus

1.5 mu;m) (24, 32) and may be retained in pulmonary alveolar capillaries (see the next

section). The process that yields fission-dependent platelet formation appears to be similar in

mice and humans (22–24, 52). Shear potentiates the generation of daughter platelets by this

mechanism in vitro (23, 52). Whether pulmonary vessels—a low-shear environment—

provide particularly favorable rheological conditions for the fission process and/or

contribute molecular fission factors remains unknown. Proplatelet numbers were higher in

prepulmonary blood than on the systemic side of the lungs in rats, whereas platelet numbers

were higher in systemic blood (53), supporting the possibility that pulmonary vessels have

this role.

PLATELETS IN THE LUNG VASCULATURE: IS THERE A MARGINATED

POOL?

The concept of marginated (also termed marginal) pools of specific blood cells in the lungs

is most clearly established for PMNs. Marginated pools are an increased concentration of

leukocytes in the pulmonary blood volume in normal, uninflamed lungs compared with their

concentration in the blood volume in peripheral vessels (reviewed in Reference 11). Many

studies indicate that PMNs are present in pulmonary capillaries in concentrations that are

30–100-fold greater than their concentration in arterial and venous conduit vessels in

humans and experimental animals under physiological conditions (11).

The marginated pool of leukocytes in the lungs is established by leukocyte diameter and

deformability, alveolar capillary diameter (2–15 mu;m, with an average of 7.5 mu;m at

maximal dilation) (Figure 2), blood flow, lung region, and capillary and alveolar distending

pressures (reviewed in Reference 11). PMN transit times are retarded compared with those

of red blood cells (RBCs), concentrating the leukocytes in alveolar capillaries (Figure 2). In

a study of radiolabeled PMNs, monocytes, lymphocytes, and platelets reinfused into the

venous circulation of spontaneously breathing rabbits, each blood cell type was distributed

to a lung marginated pool, but the lung pool of platelets was 13 times smaller than the

circulating pool, whereas the lung PMN marginated pool was threefold larger than the

circulating pool (54). The differences were attributed to the relative diameters of PMNs and

platelets (11, 54). Although the platelet lung marginated pool was the smallest of the blood

cells examined and was thought to be physiologically insignificant, 33% of the platelets

were retained on first passage through the pulmonary circulation (54). In instrumented

human subjects, epinephrine infusion increased platelet numbers in arterial blood, consistent

with the possibility of a marginal pool mobilized by increased pulmonary blood flow (55,

56), and forced changes in ventilation differentially influenced the numbers of PMNs and
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platelets in left ventricular versus pulmonary artery blood samples (57). Whether such

maneuvers influence platelet release from intrapulmonary megakaryocytes (Figure 3) or

other precursors (see the previous section) is unknown. Experiments in ventilated rabbits,

mice, and dogs involving the infusion of labeled platelets and analysis by intravital

microscopy and other approaches (6, 58–60) also suggested the retention of a small pool of

platelets in lung capillaries (6). These patterns of initial retention in the lungs may be due to

platelet activation ex vivo during labeling before reinfusion, resulting in unphysiological

adhesion in lung vessels. Nevertheless, morphometry of normal human lungs indicated that

~0.1% of alveolar capillaries were occupied by platelets that would not have been subjected

to ex vivo manipulation, although this was a limited analysis (61). This figure compares to

estimates of 1–2% to 15% of alveolar capillaries being occupied by the marginated PMN

pool (11).

Although these studies suggest a small marginated pool of platelets in the lungs under basal

conditions, the mechanism(s) involved is not defined. One possibility is that platelets utilize

adhesive mechanisms to interact with pulmonary capillary endothelial cells in physiological

margination (6). Against this possibility are the facts that platelets circulate with integrin

αIIβ3 and other integrins in an unactivated, nonadhesive state (62) and that P-selectin,

another major adhesion molecule, is in intracellular granules and not on the surfaces of

quiescent, unactivated platelets (1, 13, 15). Furthermore, the pulmonary endothelium is a

rich source of prostacyclin (PGI2) and nitric oxide (NO), which are major inhibitors of

platelet activation (7). Some platelets, although small in diameter (2.25 mu;m in humans, 1.5

mu;m in mice) (32), may be retained in alveolar capillaries at the lower end of the size

range, and their retention may be influenced by location in the lung vascular bed and by tidal

changes in alveolar pressure (11).

Mechanical ventilation is used in some experimental models (58, 59) and is commonly used

in the critical care of patients. The effect of mechanical ventilation on the retention of

platelets and platelet precursors in alveolar capillaries has not been systematically examined.

A basal lung marginated pool of platelets may be significant, even though it is small.

Relatively small numbers of platelets can have pivotal effects on alveolar capillary integrity

(see the next section). In addition, a basal marginated pool of platelets may be the nidus for

the recruitment of additional platelets in inflammation or injury and/or may mediate platelet-

leukocyte interactions and signaling of alveolar capillary endothelium if this pool is

activated (6–11, 59).

PLATELETS IN PULMONARY VASCULAR INTEGRITY AND BARRIER

FUNCTION

Platelets are essential hemostatic effector cells in lung hemorrhage due to penetrating or

blunt trauma, surgical or biopsy procedures, and a variety of nontraumatic conditions that

involve alveolar or airway bleeding (7, 63). Here, critical activities of platelets include initial

hemostatic plug formation and a variety of highly regulated activities that initiate and

propagate primary hemostasis (1, 7, 15). Hemostatic activities of platelets may be

particularly important in the bronchial circulation, which is composed of systemic vessels

with systemic pressures, but are also critical in the lower-pressure pulmonary circulation. In

addition to primary-hemostatic activities, platelets are important in maintaining endothelial

integrity and barrier function; these mechanisms are related to, but are also mechanistically

distinct from, these cells’ primary-hemostatic functions (15, 64).

Platelets and platelet-rich plasma, in contrast to platelet-free perfusate or platelet-poor

plasma, contribute to microvascular barrier integrity; vascular preservation; and regulation
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of transvascular flux of fluid, solutes, and red blood cells in diverse experimental models.

Such models include the edematous frog hind limb; isolated heart, kidney, and thyroid

preparations; in situ capillary endothelium in muscle biopsies of animals made

thrombocytopenic; and experimental animals studied by the infusion of radiolabeled

albumin with measurement of its leak from systemic vessels (reviewed in References 3, 5,

and 64). Early experiments also specifically examined the influence of platelets on

endothelial integrity and barrier function in the lung microvascular bed (reviewed in

References 3 and 5). For example, in chronically instrumented, spontaneously breathing

sheep, thrombocytopenia induced by antiplatelet serum was associated with increased

pulmonary vascular permeability to protein on the basis of lung lymph-to-plasma protein

ratios. The increased permeability was ameliorated by the infusion of platelet-rich plasma

(65). Staub popularized this preparation, the lung lymph fistula model, in the field, and the

discoveries made with this model in his laboratory and others generated classic insights into

the mechanisms of pulmonary edema due to increased alveolar capillary permeability (66)

and into the physiological management of pulmonary edema in the clinical arena (67). In a

study of isolated sheep lungs, perfusion with platelet-free solutions worsened lung fluid

accumulation, indicating that platelets protect against pulmonary edema by an unknown

mechanism (68). In isolated perfused rabbit lungs, human platelets reduced lung edema

induced by oxidant challenge or by ischemia-reperfusion (69, 70). In vitro studies also

demonstrated that intact platelets reduce labeled-albumin transfer across cultured pulmonary

artery endothelial monolayers (65). Experiments with platelet lysates and supernatants from

unactivated platelets indicated that platelets contain factors that reduce the permeability of

cultured endothelial monolayers and that one or more of these substances can be released

into solution (reviewed in Reference 64).

Experiments with various models involving pulmonary or systemic endothelium reveal

evidence for at least five putative mechanisms by which platelets contribute to basal

endothelial barrier function: the release of soluble molecules that maintain barrier integrity,

most likely by signaling endothelial cells; the physical obstruction of gaps in the endothelial

barrier; the maintenance of key structural features of endothelial cells that are required for

barrier integrity; the stimulation or enhancement of endothelial cell growth; and the

neutralization or elimination of agents that increase endothelial permeability and impair

barrier integrity (reviewed in References 3, 5, and 64). The general interpretation of these

studies is that one or more of these mechanisms is compromised if severe thrombocytopenia

occurs and that this condition can lead to increased transendothelial flux of water and

proteins and, in some cases, to RBC escape from vessels (64, 71) (Figure 4). Clinical

observations in patients with thrombocytopenia secondary to leukemia or caused by

nonneoplastic conditions (including immune thrombocytopenic purpura and

amegakaryocytic thrombocytopenia) support the conclusions that local transfer of RBCs out

of vessels is a consequence of compromised endothelial barrier function and that such

transfer can occur without traumatic interruption of endothelial continuity (72, 73). In one

study, ultrastructural changes in human skin and skeletal muscle capillaries in biopsies from

thrombocytopenic patients were similar to those in experimental thrombocytopenia (73).

Recent studies in mouse models provide parallel observations on the effects of

thrombocytopenia on endothelial barrier function and its contribution to local bleeding. In

the setting of dermal, central nervous system, or pulmonary inflammation, severe

thrombocytopenia (<2.5% of baseline platelet numbers) was associated with bleeding,

whereas animals with an equivalent degree of thrombocytopenia but no inflammation did

not bleed (74). Alveolar hemorrhage was dramatic in thrombocytopenic mice given inhaled

lipopolysaccharide (LPS) and was substantial enough to cause anemia. Bleeding in these

models was primarily from capillaries and postcapillary venules and was not explained by

an inability to form platelet plugs on the basis of experiments with animals genetically
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deficient in key platelet adhesion molecules (64, 74). The latter result suggested that platelet

adhesion is not required for platelet-dependent maintenance of endothelial barriers under

these conditions and that other mechanisms are involved (74). Additional murine models

also demonstrated vascular barrier disruption and local bleeding into tissues in severely

thrombocytopenic animals (<5% of control platelet numbers) subjected to inflammatory

challenge, and this phenotype was reversed by relatively small numbers (approximately 10%

of the normal circulating platelet number) of transfused platelets (reviewed in Reference 64).

Earlier observations reported that RBCs accumulate in thoracic duct lymph in experimental

canine thrombocytopenia induced by radiation, also consistent with extravasation of

erythrocytes across compromised endothelial barriers; platelet transfusion reduced RBC

accumulation in the lymph (75).

Platelets express, store, and synthesize a variety of factors that operate in cell-cell

interactions with endothelial cells and that alter endothelial cell functions (1, 15, 76).

Several such factors may mediate the stabilization of basal endothelial permeability and

barrier function on the basis of experiments with systemic or pulmonary endothelium. This

list includes serotonin, sphingosine-1-phosphate (S1P), epinephrine, adenosine,

angiopoietin-1 (Ang-1), and lysophosphatidic acid (3, 5, 64). Of these factors, serotonin and

S1P have been most extensively studied. Intravenous and intraperitoneal injection of

serotonin reduced RBC extravasation associated with thrombocytopenia in mice, and

infusion of serotonin antagonists into animals with normal platelet numbers yielded local

bleeding (petechiae) similar to that in thrombocytopenic animals. Experiments with cultured

endothelial cells suggested that serotonin may maintain endothelial barrier function by

altering the endothelial cytoskeleton (reviewed in Reference 5). Paradoxically, in earlier

classic rat experiments, serotonin had the opposite effect and increased permeability of

vessels to fluid, but not to large-molecular-weight tracers (77). Serotonin also increased

permeability of cultured rat endothelial cells (78) and of in situ murine skin vessels (79).

There may be differential sensitivity to serotonin’s barrier-altering activities on the basis of

serotonin receptor subtype expression and, potentially, other biological features of

endothelial cells in different-sized vessels and/or different vascular beds (77).

S1P has been extensively studied as a molecular stabilizer of endothelial barrier function

(reviewed in Reference 80). In vitro, S1P binds to S1P1 (previously termed EDG-1), a G

protein– coupled receptor expressed by endothelial cells, and induces actin cytoskeleton

rearrangement and Rac-GTPase-dependent assembly of adherens junctions on endothelial

cell plasma membranes (80, 81). S1P also induces localization of α-, β-, and γ-catenins and

vascular endothelial cell cadherin (VE-cadherin) to sites of endothelial cell-cell contact (80).

VE-cadherin is a major endothelial adherens junction protein and a key regulator of

endothelial barrier function (reviewed in Reference 82) (Figure 4). Disruption of homophilic

VE-cadherin bonds increases microvascular permeability in the lung and other organs,

whereas stabilization of VE-cadherin bonds and consequent adherens junction integrity have

the opposite effect (reviewed in Reference 83). Alveolar and systemic capillary membrane

barrier stabilization may be a molecular strategy for the treatment of ALI/ARDS and sepsis

(reviewed in Reference 83).

In vitro and in vivo experiments indicate that S1P stabilizes pulmonary endothelial cell-cell

interactions that establish barrier integrity. Early studies demonstrated the enhancement of

pulmonary artery and lung microvascular endothelial cell barrier integrity by S1P and

identified key molecular mechanisms, including molecular interactions of VE-cadherin.

These studies also showed that S1P can reverse the barrier dysfunction triggered by

destabilizing agonists (84, 85; reviewed in Reference 86). Consistent with these

observations, in vivo experiments with genetically altered mice demonstrated that plasma

S1P regulates basal pulmonary vascular permeability to albumin and governs altered barrier
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integrity in response to inflammatory challenge (87). These and other in vivo experiments

further show that S1P blunts or reverses pulmonary vascular leak and alveolar edema in

models of lung inflammation and ALI (88–90; reviewed in Reference 86). Platelets have

constitutive activity of the key S1P synthetic enzyme, sphingosine-1-kinase; lack the

degradative enzyme S1P lyase; and therefore have high levels of S1P and release it on

stimulation (80). In vitro experiments demonstrated that human platelets and platelet

supernatants enhance cultured human pulmonary artery endothelial cell barrier function,

measured by transmonolayer electrical resistance, and that this enhancement depends on

S1P1 (85). These and other observations (80, 86) indicate that S1P is one of the platelet-

released factors that can regulate pulmonary vascular permeability and stabilize alveolar

capillary barrier integrity (3, 5, 7, 64). It was originally thought that platelets are the

principal source of plasma S1P, but more recent studies indicate that—at least in mice—

erythrocytes supply basal blood levels of S1P (80, 87). Nevertheless, S1P concentrations in

serum are generally higher than in plasma, implying that activated platelets may locally

release S1P in inflammation and thrombosis (80). Endothelial responses to S1P or to small-

molecule agonists of S1P1 (91) may depend on temporal variables and biological context

because of altered expression or desensitization of S1P1, barrier-destabilizing effects

resulting from the engagement of other S1P receptors (including S1P2 and S1P3), or parallel

signaling by other factors such as Ang-1 (80, 92, 93).

There is clear evidence that platelets can reduce endothelial barrier permeability and

enhance barrier function in vitro and that sufficient numbers of circulating platelets may be

critical for basal barrier integrity of alveolar capillaries and other capillary beds in vivo.

Nevertheless, there is also substantial evidence that platelets can contribute to increased

alveolar capillary permeability in lung inflammation and ALI (6–8, 12). Platelets and

platelet supernatants stabilize or promote assembly of endothelial barriers under some

conditions (see above), but platelets and platelet lysates induced edema and inflammation or

were required for a maximal increase in vascular permeability in other experiments (94, 95).

Mouse and other in vivo animal models demonstrated that platelets increase alveolar

capillary permeability (6–8, 12). Human and murine platelets synthesize interleukin 1β
(reviewed in Reference 12), a cytokine with major endothelial barrier–destabilizing

activities.

The mechanisms that account for barrier-enhancing activities on the one hand and barrier-

destabilizing activities on the other hand are not clear (7) but in many cases may involve

critical interactions of platelets with inflammatory effector cells (e.g., PMNs, monocytes),

triggering barrier-disrupting activities and/or the release of endothelium-destabilizing factors

(12, 15, 64) (Figure 5). Differential expression of endothelial receptors for platelet factors

that alter barrier function, differential activity (e.g., desensitization) of these receptors, and

linkage of these receptors to alternative functional pathways in response to different ligand

concentrations may be additional key mechanisms that alternatively influence barrier

stabilization versus destabilization. S1P signaling is a prime example (80, 90, 92), and these

possibilities may also apply to serotonin (see above). In addition, the signaling context that

governs endothelial responses to platelet factors or to other cellular or plasma factors may

change during time-dependent stages of disease (80, 83, 92). Differential release of platelet-

signaling factors from unique granular compartments (96) may lead to endothelial barrier

destabilization under some conditions and to endothelial barrier stabilization under others

(64). As another potential mechanism, the platelet transcriptome and proteome can change

in disease (reviewed in References 12 and 15). As examples, multiple differentially

expressed transcripts were found in platelets from subjects with sickle cell disease, in

contrast to platelets from controls (97), and platelets from patients with sepsis express

mature tissue factor mRNA and tissue factor activity, whereas those from controls do not

(98). Thus, megakaryocytes and/or platelets appear to be reprogrammed in certain disease
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conditions. In such contexts, the profile of platelet-signaling factors that can influence

endothelial barrier function and permeability may switch from a predominantly barrier-

stabilizing portfolio (Figure 4) to a predominantly destabilizing one (Figure 5) in

experimental or clinical lung inflammation and injury (7), although this possibility has not

been investigated.

PLATELETS IN PULMONARY VASCULAR REACTIVITY, REPAIR, AND

REMODELING

A unique animal model, the fawn-hooded rat, has platelet storage and functional alterations

associated with the spontaneous development of severe pulmonary hypertension (99),

suggesting links between platelet activation and pulmonary vascular function. Platelets store

or synthesize factors that have vasoactive properties (reviewed in References 3, 5, and 100).

Serotonin, thromboxane A2 (TxA2), and platelet-derived growth factor (PDGF) have

pulmonary vasoconstrictor activities when released by activated platelets, and plasma

serotonin levels are elevated in some patients with pulmonary hypertensive disorders (100,

101). In a recently described mouse model of severe pulmonary hypertension, serotonin

levels were substantially increased in platelet-rich plasma from affected animals compared

with plasma from controls (102). Acute pulmonary hypertension, a common physiological

alteration in early ARDS, is induced by sepsis and other underlying conditions (3, 5, 103)

and exacerbates the leak of fluid and protein across injured alveolar capillaries with

impaired barrier function (see the last section) (66, 67, 83). Platelets and platelet products,

including serotonin and TxA2, have been implicated in pulmonary vascular pressor

responses to LPS infusion and in other experimental models of ALI/ARDS, but there are

differences in outcomes that may depend on species and other variables (3, 5, 104, 105). As

in the systemic circulation, pulmonary vasoreactive responses to factors released by platelets

in physiological or pathological models depend on whether the endothelium is intact and

capable of synthesizing vasodilators, including PGI2 and NO, or, in contrast, is denuded or

functionally compromised (106).

Platelets are central effector cells in wound healing (107) and have only recently identified

activities in vascular development, angiogenesis, and vascular repair and remodeling

(reviewed in References 7, 15, and 64). In mouse models, platelets recruit circulating

vascular progenitor cells to thrombi, sites of vascular damage, or ischemic vessels, using

mechanisms that depend on P-selectin, integrins, and SDF-1α (CXCL12) (108–112).

Platelets also induce functional changes in vascular progenitor and precursor cells (108,

110), as they do in target leukocytes and other cell types (113, 114; reviewed in Reference

15). Nevertheless, these biological potentials have not been examined in the context of

pulmonary vascular repair or physiological remodeling. If platelets or megakaryocytes (see

the first section of this review) can favorably affect lung repair, they could be used

therapeutically and could potentially be engineered to deliver reparative factors, or signals

for reparative precursor cells, in lung injury states (7, 115).

Platelets may contribute to dysregulated and pathological vascular repair or remodeling

mechanisms, including obstructive remodeling in chronic pulmonary hypertensive disorders

(100, 116, 117). Platelet mitogens, including serotonin and PDGF, may cause pulmonary

vascular smooth-muscle proliferation in chronic pulmonary hypertension, although each can

originate from other cells besides platelets (100, 102, 116, 118). Platelet-dependent

mechanisms, including inflammatory signaling between platelets and monocytes (12, 15,

113, 114), may contribute to chronic thromboembolic pulmonary hypertension (119). Recent

studies utilizing mouse models identified serotonin from platelets as a mediator that links

vascular damage to extravascular tissue fibrosis (120), and there is evidence for serotonin
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signaling in experimental pulmonary fibrosis (121). Therefore, platelets may be effector

cells in pulmonary fibrotic diseases and in chronic pulmonary vascular syndromes.

PLATELETS IN LUNG DISEASE: A SYNOPSIS

The involvement of platelets in human lung diseases appears diverse and protean (3–8, 10,

12, 100, 103, 107). Alterations in platelet numbers and function occur in primary lung

infections, such as influenza (122), and in systemic infectious syndromes that involve the

lungs and pleurae, including bacterial sepsis, malaria, and dengue (reviewed in References

12, 15, and 103). As mentioned above, there is considerable interest in dissecting the

mechanisms of localization, cellular interactions, and effector activities of platelets in

experimental and clinical ALI/ARDS (6–8, 12, 61, 83, 103). As a specific example, platelet

infusion is a cause of transfusion-related ALI (TRALI) (12). Innovative experimental

modeling in mice (123, 124) provides key insights into the interactions of platelets and

myeloid leukocytes in TRALI that are broadly relevant to inflammatory alveolar injury (6–8,

12). In experimental TRALI, platelets were reported to induce the formation of neutrophil

extracellular traps (125), a mechanism that may also be important in ALI induced by sepsis

and other triggers (83). If we turn from the alveoli to the airways, a substantial body of

literature supports the idea that platelets are effector cells in asthma and cystic fibrosis (4, 6,

10, 126–130). Pulmonary hypertensive disorders (100) are briefly discussed in the last

section. Pathological lymphangiogenesis in the lung is induced by inflammation (reviewed

in Reference 131) and may be regulated by platelets on the basis of recent experimental

observations (reviewed in References 15 and 64). Animal models (132, 133) and ongoing

translational investigation (119) promise to uncover pivotal platelet-dependent mechanisms

central to pulmonary embolism and its acute and chronic sequelae. Platelets are determinants

of lung metastasis in experimental and clinical neoplasia (134, 135). These are only some of

the lung syndromes in which platelets have putative or documented activities. Platelets may

also contribute to iatrogenic complications, including ventilator-induced lung injury (136),

an important clinical problem (83). Many of the disease-promoting and/or disease-enhancing

activities of platelets in lung disorders appear to result from dysregulated cellular and

molecular mechanisms that operate in physiological hemostasis, barrier maintenance, and

inflammation (7, 12, 14, 15, 64).

Acknowledgments

The authors thank Alexandra Greer for skillful preparation of the manuscript and Diana Lim for artistic expertise

and creative contributions in drafting the figures. We thank our colleagues, collaborators, research team, and the

junior members of our group for critical discussions and scientific interactions. Work described in articles cited

here was supported by the National Institutes of Health (R37HL044525, R01HL092746, R01HL066277,

R01HL100121, and R01HL091754).

Glossary

Platelets anucleate circulating blood cells that mediate primary

hemostasis, inflammation, and tissue repair

Megakaryocytes highly specialized cells that release platelets and platelet

precursors into the circulation

Thrombopoiesis the complex process of platelet production

Barrier function the property of alveolar capillary endothelium and other

vessels that selectively restricts the transfer of blood

constituents out of the vessel
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Primary hemostasis the arrest of bleeding from injured vessels; accomplished by

plug formation by activated platelets and ancillary hemostatic

measures

Immune continuum the spectrum of innate and adaptive immune responses and

activities that mediate acute and chronic inflammation

Endothelial cells the lining cells of alveolar capillaries and other vessels in the

lungs and other organs

Proplatelets pseudopod-like extensions from megakaryocytes; are thought

to be critical precursors of platelets

Polymorphonuclear
leukocytes (PMNs)

circulating myeloid effector cells that are critical in innate

immune responses to microbial invasion and tissue injury

Marginated pool a subset of circulating blood cells that is transiently retained

in the capillary bed of the lungs or other organs

Pulmonary edema the accumulation of water and, in increased-permeability

pulmonary edema, other blood constituents in lung

interstitium and alveoli
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SUMMARY POINTS

1. Platelets are key effector cells in hemostasis, inflammation, and tissue repair and

continuously circulate through the lungs.

2. The lungs may be a key site of thrombopoiesis, the complex process of platelet

production, and megakaryocytes—which are specialized precursor cells—are

found in the lungs.

3. There may be a small marginated pool of platelets that is transiently retained in

lung capillaries and that is dynamically altered on the basis of physiological and

pathological conditions.

4. Experimental and clinical observations show that platelets contribute to basal

barrier function of the alveolar capillary endothelium and to disruption of barrier

integrity in lung inflammation and injury.

5. Platelets likely have specialized activities in repair and remodeling of

pulmonary, alveolar, and bronchial vessels and, potentially, in remodeling of

extravascular lung structures, although this latter issue has not been critically

explored.

6. Platelets have protean activities in experimental lung injury and in clinical lung

disease.
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FUTURE ISSUES

1. It is unknown whether there are molecular signals from the lungs that trigger

megakaryocyte release from the marrow under basal conditions and in disease

or whether the lung endothelium generates biochemical factors that locally

promote or modulate thrombopoiesis.

2. “Locking” megakaryocytes in the marrow so that they cannot transit to the

pulmonary vessels may be a mechanism of thrombocytopenia, and injured or

inflamed lungs may mechanistically contribute to impaired thrombopoiesis in

other ways.

3. Conversely, the lungs may actively contribute to the thrombocytosis that is

sometimes associated with inflammation or neoplasia.

4. It is unknown whether megakaryocytes in the pulmonary microcirculation have

other functions besides the putative release of platelets, proplatelets, and/or

preplatelets; such additional functions may involve specific activities in

inflammation or repair. It is also unknown whether intercellular signaling

between megakaryocytes and leukocytes or between megakaryocytes and red

blood cells in the pulmonary vascular milieu results in functional alterations.

5. The mechanisms that influence platelet-dependent vascular barrier stabilization

versus platelet-dependent alveolar capillary barrier impairment need to be

worked out.

6. It is unknown whether platelet transfusions have a beneficial effect in human

subjects with disrupted alveolar capillary barrier function and increased-

permeability pulmonary edema or, in contrast, whether platelet transfusion is

actually a hazard in these conditions.

7. Interactions of platelets with stem or precursor cell populations in lung repair

are additional topics for future investigation.

8. Changes in the transcriptome, proteome, and metabolome of platelets in lung

diseases need to be examined, and reprogramming of megakaryocytes and

platelets in lung syndromes merits exploration.
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Figure 1.
Thrombopoiesis. (a) Cellular intermediates in thrombopoiesis. See text and Reference 24 for

further details. (b) Photomicrographs of human cells involved in thrombopoiesis. The

photographs are from different experiments and at different magnifications and do not

precisely illustrate relative cellular sizes. (Left to right) CD34+ hematopoietic stem cell

(HSC) precursors stained for integrin subunit αIIb; CD34+HSC-derived megakaryocyte

stained for aIIb and spliceosome factors; CD34+HSC-derived megakaryocyte extending

proplatelets, stained for mammalian target of rapamycin; freshly isolated platelets—both

elongate platelets undergoing fission and resting discoid platelets—from venous blood

stained for actin. See References 22, 137, and 138 for further details. Reprinted with

permission from References 22, 137, and 138. (c) Electron micrographs of human platelets

undergoing fission. See Reference 22 for further details. Reprinted with permission from

Reference 22.
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Figure 2.
Blood cell retention in lungs. The majority of megakaryocytes that reach the lungs appear to

be retained in capillaries and arterioles (see Figure 3). Polymorphonuclear leukocytes

(PMN) transit through pulmonary capillaries but must deform, and their transit times are

delayed compared with those of red blood cells, creating a substantial marginated pool. Most

mature platelets readily pass through alveolar capillaries. Transit of released proplatelets

(see Figure 1) has not been characterized. See text and Reference 11 for further details.

Diameters of human megakaryocytes, megakaryocyte precursors, and platelets are from

References 24, 32, and 39.[Megakaryocyte and platelet diameters are smaller in mice (32).]

Human PMN and capillary diameters are from Reference 139.
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Figure 3.
Lung megakaryocytes. Megakaryocytes are found in human lung microvessels and may

spawn platelets and platelet precursors in this location. Megakaryocyte nuclei with little or

no cytoplasm are also detected in microvessels in human lungs. The process of platelet

biogenesis from proplatelet extensions and released proplatelets has, however, not been

formally demonstrated in the lungs of humans or experimental animals.

Weyrich and Zimmerman Page 25

Annu Rev Physiol. Author manuscript; available in PMC 2013 June 03.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 4.
Platelets stabilize pulmonary vascular endothelial barriers. (a) Under basal conditions,

platelets express and/or release stabilizing factors that interact with receptors on alveolar

capillary endothelial cells. Sphingosine-1-phosphate is a prototype stabilizing factor.

Receptors for stabilizing factors are linked to intracellular signaling pathways that regulate

cytoskeletal interactions, adherens junction assembly, and basal endothelial barrier

properties. Homophilic binding of vascular endothelial cell cadherin (VE-cadherin) is

central to stable alveolar capillary endothelial barrier function (reviewed in References 82

and 83). (b) Animal models show that in severe thrombocytopenia, basal alveolar capillary

endothelial barrier function is disrupted, leading to increased permeability and transvascular

escape of water, solutes, and red blood cells (RBC) (reviewed in Reference 64). Large

arrows denote fluid exiting to the alveolar space, and small arrows denote fluid exiting to the

interstitial space and to the lymph.
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Figure 5.
Platelets contribute to alveolar capillary membrane injury and increased-permeability lung

edema in ALI/ARDS. On the basis of clinical observations and studies in experimental

models, activated platelets mediate ALI by mechanisms that include aggregation, the release

of mediators, signaling of endothelial cells, and interactions with polymorphonuclear

leukocytes (PMN) and monocytes, triggering or amplifying inflammatory damage (reviewed

in References 6–8, 12, and 103).

Weyrich and Zimmerman Page 27

Annu Rev Physiol. Author manuscript; available in PMC 2013 June 03.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t


