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Abstract

Live lung imaging has spanned the discovery of capillaries in the frog lung by Malpighi to the 

current use of single and multiphoton imaging of intravital and isolated perfused lung preparations 

incorporating fluorescent molecular probes and transgenic reporter mice. Along the way, much 

has been learned about the unique microcirculation of the lung, including immune cell migration 

and the mechanisms by which cells at the alveolar-capillary interface communicate with each 

other. In this review, we highlight live lung imaging techniques as applied to the role of 

mitochondria in lung immunity, mechanisms of signal transduction in lung compartments, studies 

on the composition of alveolar wall liquid, and neutrophil and platelet trafficking in the lung under 

homeostatic and inflammatory conditions. New applications of live lung imaging and the 

limitations of current techniques are discussed.
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INTRODUCTION

The application of microscopy to live tissues has transformed biological understanding in 

historical and modern times. To a major extent, the success of live microscopy links 

inextricably to advances in microscope design and selection of tissue preparation. The 

historical landmark set in 1661 by Malpighi’s discovery of pulmonary capillaries is thus 

clearly attributable to the availability of the compound microscope (1). However, the 

selection of the frog rather than the mammalian lung also played a determining role in 

ensuring the success of those early studies (1). Recent advances in live lung microscopy are 

owed not only to powerful innovations in microscope design and to the availability of novel 
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fluorescent probes, but also to the development of new approaches for viewing the 

mammalian lung.

Live microscopy of the mammalian lung is problematic because of the considerable lung 

motion induced by vascular pressure fluctuations in the lung microvascular bed, by the 

physical impact of the beating heart on the lung, and by lung volume changes due to 

ventilation. These issues were suitably resolved only recently. We review below pioneering 

studies by Wearn et al. (2), Terry (3), and more recently Wagner (4) that led to the 

development of thoracic window approaches for sufficiently stabilizing the lung by means 

of suction to enable live microscopy during lung ventilation.

We focus on the still nascent field of live lung imaging by first describing the uniqueness of 

the lung circulation and the history of lung imaging techniques and then reviewing 

discoveries that have been made with these techniques, including the role of mitochondria in 

lung immunity, signal transmission at the alveolar-capillary interface, studies on alveolar 

wall liquid (AWL), and leukocyte and platelet trafficking in the lung. We close with a look 

to the future and to the challenges that lie ahead in the burgeoning field of live lung imaging.

THE UNIQUENESS OF THE LUNG CIRCULATION

The pulmonary circulation differs in many ways from the systemic circulation. For example, 

the pulmonary circulation is a low-resistance circuit that must accommodate the full cardiac 

output; it responds to hypoxia by vasocontricting, whereas hypoxia has a vasodilating effect 

in the systemic circulation; and the lung’s microcirculation is significantly affected by 

ventilation and by the distension of alveolar units, including a large recruitable capillary 

pool. The lung’s capillary bed is also uniquely organized to maximize gas exchange 

opportunities. Red blood cells must pass through several alveolar units consisting of 40–100 

interconnected capillary segments (5, 6), which is an unusual vascular arrangement that is 

exclusive to the lung. The vast capillary plexus in the lung consists of segments that vary in 

diameter from 2 to 15 µm, which is an important feature mandating that red blood cells (5–6 

µmin diameter) and neutrophils (6–8 µmin diameter) change their shape to successfully 

navigate these capillary segments and to exit into the pulmonary venous circulation (7). For 

anucleate red blood cells, changing their shape is not a difficult task, because these flexible 

and agile cells contort themselves to squeeze through smaller capillary segments. However, 

for larger cells like neutrophils, size exclusion is a formidable challenge, as discussed below.

Much of our knowledge of the initial phases of leukocyte rolling, sequestration, firm 

adhesion, and emigration has come from studies in the systemic circulation. These studies 

have revealed that selectins are critical for leukocyte rolling and sequestration and that the 

anatomic site of leukocyte sequestration and emigration is the postcapillary venules (8). 

However, in the pulmonary circulation, the capillaries are the site of leukocyte sequestration, 

and the mechanisms of sequestration are selectin independent, as discussed below.

Given these distinct attributes of the pulmonary circulation, it is not possible to image more 

accessible vascular beds such as the mesentery or cremaster circulation or to conclude that 

what is observed in the systemic circulation must also happen in the lungs. The lung is 

unique and must be directly imaged. Many analytic tools in the modern laboratory are well 

Looney and Bhattacharya Page 2

Annu Rev Physiol. Author manuscript; available in PMC 2015 July 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



suited for the measurement of global responses during homeostasis and injury conditions, 

but for the determination of cell-cell interactions both spatially and temporally, live imaging 

provides unrivaled information. The major obstacle, however, is gaining access to the tissue 

of interest without disturbing the normal physiology.

LIVE LUNG IMAGING TECHNIQUES

Intravital Lung Imaging Techniques

Intravital microscopy is defined simply as the use of illuminated microscopy in live animals. 

As applied to the lung, early preparations date back to the 1930s. In 1934, Wearn et al. (2) 

reported a technique in cats in which a natural thoracic window was created by removing 

thoracic tissues down to the parietal pleural. By using this technique to image subpleural 

capillaries, it was discovered that in the lung there is a reserve pool of capillaries that do not 

always receive perfusion. In 1939, Terry (3) reported the first use of an artificial thoracic 

window capable of imaging under closed-chest conditions. In the late 1960s,Wagner (4) 

refined this technique and introduced a major innovation by designing an implantable 

thoracic window to image the pulmonary circulation of dogs. The technical advance was the 

introduction of bore holes through which suction could be applied to immobilize the lung 

and provide enough stabilization for real-time microscopy. Imaging was possible in 

spontaneously breathing animals, and the thoracic window could be left in place for long-

term imaging of an individual animal. Wagner and colleagues used this preparation to define 

pulmonary capillary transit times (9) and the physiology of capillary recruitment in the lung 

(10).

The Wagner thoracic window coupled with suction immobilization has been progressively 

miniaturized for use in rabbits, rats, and mice. For example, in mice, a thoracic window with 

a 4-mm viewing window has been used in anesthetized, ventilated mice and has been 

coupled with two-photon microscopy (Figure 1) (11). Other researchers have developed 

novel intravital approaches. Tabuchi et al. (12) developed a technique to image the mouse 

lung without artificial contact with the lung’s surface. This technique involves creating a 7-

mm window in the thoracic wall and covering this window with a transparent membrane 

glued in situ to create a seal. Next, pleural air is removed with a transdiaphragmal catheter, 

allowing the lung surface to come into close proximity with the 7-mm viewing window. 

There is still the issue of tissue movement from mechanical ventilation and cardiac 

contractions, but because the lung tissue reproducibly returns to the same position, image 

acquisition can be timed to inspiration or expiration, which effectively excludes intervals of 

lung displacement. Kreisel et al. (13) described the use of two-photon microscopy in 

mechanically ventilated mice in which a ring of Vetbond is used to attach the lung tissue to a 

cover glass in a custom-built chamber maintained at 37°C. Others have clamped the 

ipsilateral bronchus in the lung being imaged to decrease motion artifact (14).

Intravital lung preparations provide distinct advantages for the experimentalist. These 

advantages include (a) maintenance of a physiological blood circulation; (b) the continuous 

delivery of hematopoietic cells to the lung, including new cells recruited from the bone 

marrow and secondary lymphoid organs; and (c) maintenance of lymph connections in the 

lung. These advantages come with a price: the challenge of keeping an animal alive under 
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continuous anesthesia and positive-pressure ventilation. But for the right application, 

intravital lung imaging can be a powerful technique that provides a window into the unique 

lung microcirculation.

The Isolated Perfused Lung Preparation

The isolated perfused lung (IPL) preparation entails pump perfusion of blood or blood 

substitutes in ex vivo lungs held at constant inflation at physiological airway and vascular 

pressures. Widely used as a tool for lung research, the IPL provides a near-motion-free 

platform for visualization of the alveolar microenvironment by means of wide-angle, 

confocal, and two-photon microscopy. The stability of the lung surface of the IPL enables 

application of micropuncture technology, which has been extensively used to determine 

pressure profiles in microvessels, in the interstitium, and in the alveolar lumen as well as 

permeability of single microvessels (15). The more recent application of micropuncture is to 

deliver dyes, antibodies, and other reagents directly to the epithelial or endothelial surfaces 

of the lung. These real-time fluorescence imaging (RFI) approaches have been particularly 

useful in the investigation of immune responses in the lung’s alveolar-capillary region, the 

major site of inflammatory lung disease. A recent review addresses RFI with regard to 

alveolar surfactant secretion and mitochondrial transfer from exogenously instilled 

mesenchymal stem cells (15). Here we focus on RFI applications that address the 

spatiotemporal, multicellular profiles of the lung’s immune response.

MITOCHONDRIA IN LUNG IMMUNITY

RFI of the IPL preparation has revealed the presence of a set of endothelial cells located at 

branch-point bifurcations of postcapillary venules that orchestrate the lung’s innate immune 

response (16). These branch-point endothelial cells (BECs) stain negatively for the pericyte 

marker, α-smooth muscle actin, but positively for the endothelial marker, diacetyl low-

density lipoprotein, identifying them as true endothelial cells lying in direct contact with the 

bloodstream. The relevance to lung immunity is that RFI spontaneously generates Ca2+ 

waves that spread by intercellular communication to the endothelium of upstream capillaries 

(16), suggesting that BECs oversee Ca2+-dependent metabolic functions of the lung 

capillary bed, such as nitric oxide (NO) production.

Because BECs express mitochondria at higher density than do endothelial cells of septal 

capillaries (Figure 2a) (17), the mechanical stress of pressure-induced capillary distension 

(17), or the proinflammatory stress of inflammatory receptor activation (18), increases 

cytoplasmic Ca2+ (cytCa2+) oscillations that in turn increase mitochondrial Ca2+ (mitCa2+) 

(Figure 2b). The consequence is increased production of mitochondrial H2O2 that diffuses 

into the cytosol to activate endothelial expression of leukocyte adhesion receptors such as P-

selectin. Because these events occur to a greater extent in BECs than at other locations of the 

pulmonary capillary bed, the lung’s immune response initiates with leukocyte accumulation 

at postcapillary branch points (19). Recent RFI studies on lung capillaries indicate that the 

endotoxin-induced expression of the leukocyte adhesion receptor ICAM-1 also occurs as a 

consequence of IP3-induced endothelial Ca2+ oscillations (20, 21).
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To quantify a mitochondria-dependent functional outcome in lung microvessels, Rowlands 

et al. (22) addressed mechanisms of endothelial receptor shedding. Similar to the pressure-

induced endothelial cytCa2+ oscillations discussed above, TNF-α microinjection in lung 

capillaries also induced endothelial cytCa2+ oscillations, except here TNF-α coupled the 

cytCa2+ oscillations with mitCa2+ oscillations to induce release of mitochondrial H2O2. The 

H2O2 diffused in the cytosol to activate mechanisms leading to the loss of TNF-α receptor 1 

(TNFR1) ectodomains. These mechanisms involved TACE (TNF-α-converting enzyme) 

because mice lacking endothelial TACE induced mitochondrial H2O2 but failed to shed 

TNFR1. The shedding was also inhibited in microvessels in which mitochondria were made 

relatively dysfunctional by knockdown of the Rieske iron-sulfur protein. Endothelia of these 

mitochondria-inhibited microvessels were more prone to expression of leukocyte adhesion 

receptors as well as to leukocyte accumulation.

An overall conclusion from these findings is that endothelial mitochondria play a role in the 

lung’s immune response. The stress response couples cytCa2+ oscillations with 

mitochondria-dependent defense mechanisms. The extent to which loss of mitochondrial 

function might contribute to loss of immune defense, and hence to worsening of lung injury 

during proinflammatory challenge, requires further study.

SIGNAL TRANSMISSION IN LUNG COMPARTMENTS

The understanding of how alveoli communicate with adjoining capillaries to develop the 

lung’s innate immune response lies at the heart of mechanisms underlying inflammatory 

lung diseases such as acute lung injury (ALI). Sepsis following pneumonitis is a major cause 

of ALI. Bacterial infection causes transmission of an inflammatory signal from the distal 

airway to the vascular compartment, resulting in leukocyte migration into the alveolus in 3–

4 h (23). In a similar time frame, alveolar macrophages secrete cytokines such as TNF-α that 

initiate the inflammatory signal by inducing vascular leukocyte recruitment. Application of 

RFI has facilitated our understanding of how inflammatory signals transfer between and 

within the alveolar and vascular compartments to orchestrate the immune response.

Because epithelial and endothelial barriers restrict and possibly inhibit direct diffusion of 

substances between the airway and vascular compartments, cross-compartmental 

transmission of immune signals likely involves coordinating mechanisms. Using RFI, 

Kuebler et al. (24) evaluated the role of Ca2+ in cross-compartmental signal coordination. 

Microinjection of TNF-α into the alveolus generated rapid cytCa2+ increases in the alveolar 

epithelium and in the adjoining capillary endothelium, indicating that the passage of the 

inflammatory signal from alveolus to capillary causes sequential Ca2+ increases in each 

compartment (24). Interestingly, TNF-α injection in the capillary did not increase epithelial 

cytCa2+. These findings suggest that inflammatory communication in the lung occurs in a 

vectorial manner such that the direction of signal transfer is uniquely alveolus to capillary. 

There is little clear-cut evidence that reverse signaling occurs, namely one in which 

proinflammatory events in the vascular compartment are messaged to alveoli.

RFI studies have addressed paracrine mechanisms that sustain cross-compartmental signal 

transfer. In Kuebler et al.’s (24) studies, the TNF-α-induced alveolus-capillary signaling was 

Looney and Bhattacharya Page 5

Annu Rev Physiol. Author manuscript; available in PMC 2015 July 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



arachidonate dependent in that inhibition of cytosolic phospholipase A2 blocked the 

inflammatory response. These studies suggest that Ca2+-induced, basolateral arachidonate 

release by the alveolar epithelium causes Ca2+-dependent endothelial P-selectin expression 

and hence leukocyte accumulation in capillaries (24). However, other paracrine mechanisms 

may also operate. Thus, lung hyperinflation causes Ca2+-dependent basolateral release of 

epithelial ATP, which then acts on the adjoining endothelium to induce Ca2+-dependent NO 

release (25). These findings identify a paracrine mechanism in which alveolar ATP couples 

lung expansion with the steady-state production of endothelial NO.

The application of photolytic release of caged Ca2+ in conjunction with RFI enabled the 

detection of cell-cell communication in alveoli. Ichimura et al. (26) loaded the Ca2+ cage 

NPEGTA into alveoli to evaluate alveolar responses in terms of Ca2+ and surfactant 

secretion. Photolytic uncaging induced these responses not only in the targeted alveolus, but 

also in neighboring alveoli. Pretreating the alveoli with connexin 43 (Cx43)-inhibiting 

peptides blocked these conducted responses. Together these findings affirm a previous 

conclusion (27) that Ca2+ increases in a single cell of the alveolar epithelium pass to 

adjacent alveolar cells through Cx43-containing gap junction channels (GJCs).

The notion of GJCs as facilitators of immune defense carries over to the lung vascular bed, 

in which photolytic uncaging revealed conduction of evoked Ca2+ signals from septal 

capillaries to distances of ~150 µm from the uncaging site (28). Importantly, Ca2+ increases 

induced in the alveolar capillary bed activated P-selectin expression in venules, indicating 

that a pathogenic stimulus at one location of the vascular bed can induce a proinflammatory 

response at a relatively distant location. Parthasarathi (29) quantified microvascular 

permeability as the peak-to-postwash fluorescence ratio of intravascular FITC dextran and 

obtained further evidence that microvessels communicate injury signals. Localized lung 

injury due to alveolar microinjections of acid increased microvascular permeability not only 

at the site of microinfusion, but also at microvascular locations distant from the injury site at 

which there was no direct acid contact (29). Inhibiting Cx43 blocked the permeability 

increases, indicating that Cx43-containing GJCs are responsible for the spread of 

proinflammatory signals as well as for enhancing permeability in the lung capillary bed.

These RFI studies in alveoli and capillaries, taken together, yield a scenario in which the 

alveolar epithelium and the vascular endothelium are set up as cellular syncytia that can 

readily respond to defensive stimuli by intercommunicating Ca2+ increases. Such syncytial 

responses may amplify immune defense across a wider region, even when pathogenic 

stimuli are relatively localized.

THE ALVEOLAR WALL LIQUID

The thin liquid layer lining the alveolar wall constitutes an important component of the 

systemic defense against inhaled pathogens. The AWL establishes a liquid phase adjacent to 

the alveolar epithelium, enabling surfactant phospholipids and proteins to maintain alveolar 

patency (30) and to establish immune defense (31). Although the presence of the AWL is 

documented in images obtained by low-temperature electron microscopy (32), RFI afforded 

a dynamic understanding of AWL formation and its possible role in lung disease.
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RFI studies by Jiang et al. (33) show that, when stimulated by cAMP, the cystic fibrosis 

transmembrane regulator (CFTR) partially drives vascular-alveolar Cl− transport in the 

fluid-filled mouse lung. It is proposed that in Cl−-secreting epithelia, as, for example, in 

airway glands, the basolateral Na+-K+-ATPase establishes a Na+ gradient that drives Cl− 

uptake (34) by the basolateral Na+-K+-Cl− cotransporter, raising the intracellular Cl− 

potential and thus the Cl− electrochemical gradient across the cell membrane. CFTR-

regulated Cl− channels in the apical membrane facilitate apical Cl− secretion (35). To 

maintain electroneutrality, covectorial Na+ transport occurs through transcellular or 

paracellular pathways. Water follows in response to the osmotic gradient established by Na+ 

and Cl− transport.

To test the hypothesis that alveolar Cl− transport underlies AWL formation, Lindert et al. 

(36) visualized the AWL in air-inflated mouse IPLs by means of two-photon microscopy. 

These authors found that microinjection of the water-soluble, membrane-impermeant 

fluorescent dye FITC dextran in the AWL resulted in spontaneous loss of FITC fluorescence 

from the alveolar lining, indicating the presence of alveolar water secretion. CFTR inhibitors 

or Cl− removal from the IPL perfusate of wild-type mice blocked the secretion. The 

secretion was absent in Cftr-null mice, providing the first direct evidence that CFTR-

dependent Cl− secretion across the alveolar epithelium causes AWL formation. 

Extrapolating from their RFI data, Lindert et al. calculated an AWL secretion rate of 150 

µL/h for the mouse lung. They propose that the AWL is formed by CFTR-driven Cl− 

transport at the alveolar epithelium but is then absorbed in the terminal bronchioles. Recent 

reports indicate that inhibition of alveolar Na+-K+-ATPase in association with excessive Cl− 

transport into the alveolus can enhance alveolar water secretion, resulting in a predisposition 

to pulmonary edema (37). Taken together, these findings lead to a new understanding of the 

role of alveolar ion transport mechanisms, especially with regard to Cl− fluxes, in the 

pathophysiology of pulmonary edema.

THE MARGINATED POOL OF NEUTROPHILS IN THE NORMAL LUNG

In humans, neutrophils are the most abundant leukocyte in the peripheral blood and are 

critical first responders to inflammatory and infectious stimuli (38). Investigators have long 

searched for a marginated pool of neutrophils that could be rapidly mobilized in response to 

danger signals. Although marginated pools of neutrophils exist in other organs, studies using 

lung intravital microscopy have been critical in illuminating the anatomic location of 

neutrophils in the lung and the unique structural features of the lung that contribute to the 

lung marginated pool of neutrophils. From a teleological perspective, with open 

communication to the environment, the lung requires a vigorous innate immune response to 

the diverse array of potential toxic and infectious exposures. The alveolar macrophage is 

uniquely positioned to initiate the recruitment of other immune cells into the lung. 

Positioned just a few micrometers beyond the alveolar space is the lung microcirculation, 

with its unique circulatory architecture and function (39). The structural features of the lung 

capillaries (2–15 µm in diameter) and circulating neutrophils (6–8 µm in diameter) would 

predict that neutrophils would have considerable difficulty passaging from arterioles to 

venules (7). Using a thoracic window in dogs and high-magnification videomicroscopy to 

image native unlabeled leukocytes, Gebb et al. (40) determined that roughly half of 
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leukocytes traversed the lung capillary network unimpeded, whereas the other half stopped 

in capillary segments or junctions. Leukocytes in arterioles were nearly spherical, whereas 

leukocytes in the capillary bed deformed into elongated shapes and maintained this 

morphology after entering venules. Doerschuk et al. (7) also showed the leukocyte shape 

change during capillary perfusion from morphometric measurements of neutrophil shape 

using light and electron microscopy.

Lien et al. (41) used intravitalmicroscopy in dogs to show that pulmonary capillaries are 

indeed the anatomic site of neutrophil margination. Neutrophils were fluorescently labeled 

in vitro, were infused into the pulmonary arteries, and were tracked by using fluorescence 

videomicroscopy. The fluorescent neutrophils were exclusively sequestered in the 

pulmonary capillaries; transit times ranged widely from <2 s to >20 min, with a median time 

of 26 s and a mean time of 6.1 s. Red-blood-cell capillary transit was much faster, ranging 

from 1.4 to 4.2 s. Neutrophils migrated in hops through the capillaries rather than with slow, 

continuous migration. This study could be criticized for the ex vivo labeling of neutrophils 

that could induce activation, which could bias the results toward longer transit times and 

retention in the pulmonary capillary bed. Kuebler et al. (42) in vivo labeled leukocytes with 

rhodamine 6G and imaged the subpleural microcirculation in ventilated rabbits and 

confirmed that the predominant site of leukocyte sequestration is the capillary bed. 

However, leukocyte rolling was also observed in arterioles and venules, and therefore the 

authors concluded that all segments of the lung vasculature contribute to the delayed transit 

of leukocytes through the lung relative to transit of red blood cells. With the availability of 

neutrophil-specific reporter mice, fluorescent molecular probes, and video-rate optical 

sectioning imaging, these studies could be repeated to definitively address neutrophil transit 

times in the lung. In humans, the presence of a lung marginated pool of neutrophils is a more 

controversial subject (43).

NEUTROPHIL SEQUESTRATION AND EMIGRATION IN THE LUNG

Spatial constraints rather than selectin-mediated rolling seem to be the main determinant of 

neutrophil retention in lung capillaries. In fact, neither P-selectin nor E-selectin is 

constitutively expressed by the pulmonary capillary endothelium (44), and although L-

selectin is involved in prolonged neutrophil sequestration, it is not required for neutrophil 

emigration during bacterial pneumonia (45). Worthen et al. (46) elegantly showed that, in 

response to N-formyl-methionylleucyl-phenylalanine, neutrophils stiffened through changes 

in actin assembly, leading to retention in artificial capillary segments and in rabbit lungs. 

Because they are sequestered in the lung capillaries, neutrophils can exit the vascular space 

at this location, which contrasts with the emigration of neutrophils from postcapillary 

venules in many systemic vascular beds (8). The emigration of neutrophils from the 

capillary lumen into the alveolar spaces has not been visualized in real time, but technically 

it should be amenable to modern lung intravital techniques (Figure 3). By using transmission 

electron microscopy and serial sections of the lung, holes in the basal laminae of capillary 

endothelial cells and alveolar epithelial type II cells have been observed (47). During 

bacterial pneumonia, neutrophils migrate through these holes and may use interstitial 

fibroblasts as guides into the alveolar spaces (48). The paracellular versus transcellular 
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routes of neutrophil migration can be directly visualized with the intravital lung imaging 

technique.

Doerschuk (44) determined that neutrophil adhesion and migration in the lung, in contrast to 

these processes in the systemic circulation, occur in both CD11/CD18-dependent and -

independent pathways, depending on the inciting stimulus. CD11/CD18-dependent stimuli 

include Escherichia coli, Pseudomonas aeruginosa, E. coli endotoxin, and IgG immune 

complexes. CD11/CD18-independent stimuli include Streptococcus pneumonia, 

Staphylococcus aureus, hydrochloric acid, hyperoxia, and C5a (44). In mice deficient in 

CD18 or other leukocyte and endothelial cell integrins, lung imaging could be used to 

characterize the mechanisms by which neutrophils migrate into the alveolar spaces under 

different inflammatory states.

Kreisel et al. (13) used two-photon intravital imaging to study mechanisms of neutrophil 

extravasation in bacterial pneumonia and ischemia-reperfusion after murine lung 

transplantation. Using LysM-GFP mice, these investigators observed that a large pool of 

resident lung neutrophils rapidly increased in number after inflammatory challenge. 

Neutrophils clustered around monocytes, and the depletion of monocytes reduced this 

clustering phenomenon and reduced neutrophil extravasation. In the mouse orthotopic 

transplantation model, Kreisel et al. (49) also observed direct interactions between recipient 

neutrophils and donor dendritic cells. The spatiotemporal observation of cell-cell encounters 

is hypothesis generating and should spur mechanistic studies to better understand early 

events in lung inflammation.

PLATELET BIOLOGY IN THE LUNG MICROCIRCULATION

Platelets are gaining increased attention for their roles in lung inflammation and injury (50). 

The intravital imaging of platelets in the lung has received far less attention than has 

intravital imaging of neutrophils. Doerschuk et al. (51) used an in vitro radiolabeling 

approach to determine the characteristics of platelet transit in the lungs compared with 

transit of leukocytes. There was a 33% extraction of platelets on first pass through the 

pulmonary circulation compared with 98% extraction for neutrophils. After 10 min of 

circulation, only 3% of injected platelets remained in the lung compared with 27% of 

neutrophils. These studies suggested that platelets have less margination in the lung 

compared with neutrophils, which might have been predicted on the basis of the small size 

of platelets relative to that of neutrophils and capillary segments. Eichhorn et al. (52) 

directly visualized platelets in the lung microcirculation by using thoracic windows 

implanted over rabbit lungs. Platelets were labeled ex vivo with rhodamine 6G and, in 

selected experiments, were also activated with thrombin prior to intravenous injection. 

These experiments confirmed the findings by Doerschuk et al. (51) that platelets pass the 

lung microcirculation with few sustained interactions with the endothelium. The velocity of 

labeled platelets was similar to that of red blood cells. However, the velocity of thrombin-

activated platelets was decreased, and platelets adhered to arterioles, capillaries, and venules 

(52).
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Tabuchi&Kuebler (53) used intravital microscopy in mice to observe platelet circulation in 

the lungs. Ex vivo carboxyfluorescein diacetate labeling of platelets revealed that some 

platelets were sequestered in the lung capillaries, and after 60 min of 100% oxygen, 

significantly more platelets were retained. This oxygen-induced retention of platelets affirms 

previous studies on oxygen exposure in rats in which platelet sequestration in the lungs 

preceded neutrophil sequestration (54). These studies are also a cautionary note on the 

effects of mechanical ventilation with high fractions of oxygen during intravital microscopy. 

Whenever possible, the fraction of inspired oxygen should be limited by using room air or 

blended oxygen mixtures.

Platelets are easily activated during the isolation from blood, which may have influenced 

previous platelet migration studies using ex vivo labeling. In fact, under homeostatic 

conditions in vivo, platelets physically associate with monocytes and neutrophils via P-

selectin and PSGL-1 engagement to form heterotypic aggregates that are of unknown 

functional significance (55). During inflammatory states such as sepsis (56) and myocardial 

ischemia (57, 58), the number of monocyte-platelet and neutrophil-platelet aggregates 

increases, reflecting platelet activation. The migration of these heterotypic aggregates 

through the lung circulation should be predictably delayed, given the increased size and 

activation state of the aggregates, although these measurements have not been attempted 

through intravital lung preparations. Methods to label platelets in vivo include using 

transgenic animals (CD41-YFP) and fluorescentmonoclonal antibodies against platelet 

surface markers (CD49b) (59). These methods should avoid unintended platelet activation 

and have been used to label platelets in the liver sinusoids with or without inflammation.

Lung intravitalmicroscopy is well positioned to answer many unsolved questions on the role 

of platelets in lung inflammation and injury. In the setting of inflammation, the temporal 

sequence of neutrophil versus platelet sequestration could be directly visualized. There is 

evidence from the systemic circulation of endothelial-platelet interactions that secondarily 

capture leukocytes and conversely endothelial-leukocyte interactions that capture platelets 

(60). For example, in a mouse model of transfusion-related ALI, intravital imaging of the 

cremaster circulation revealed that polarized domains of CD11b/CD18 on neutrophils 

captured circulating platelets (61). Intravital microscopy can also help define the spatial 

distribution of platelets in the lung in the setting of inflammation and injury, including 

whether platelets or neutrophil-platelet or monocyte-platelet aggregates migrate into the 

alveolar spaces. Finally, platelets can trigger neutrophil extracellular trap (NET) formation 

(62, 63), and this process could be visualized in the lung to determine whether NETs are 

capable of capturing bacteria and platelets and impede blood flow.

NEW APPLICATIONS OF LIVE LUNG MICROSCOPY

We expect the imaging of cell-cell and cell-environment interactions to proceed at a rapid 

pace with the availability of transgenic mice and molecular reagents to specifically label 

cells and their subtypes. The imaging of progenitor cells that are either native to the lung or 

migrating into the lung should also be possible with this technique. A novel application is 

the intravital microscopic assessment of gas exchange using multispectral oximetry to 

produce two-dimensional oxygen saturation mapping (64). With this technique, Tabuchi et 
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al. (65) recently reported that oxygenation begins in precapillary arterioles that are 

approximately 30 µm in diameter and that, by the time red blood cells encounter alveolar 

capillaries, approximately 50% of the total oxygen uptake has already occurred. These 

findings confirm earlier, similar findings of Conhaim & Staub (66), who used reflection 

spectrometry to assess blood oxygenation in the lung. This type of spatiotemporal mapping 

of oxygenation can be applied to lung injurymodels to determine the impact of the injury on 

regional gas exchange.

A new twist to the understanding of connexins in lung signal transmission comes from 

recent RFI studies by the Kuebler group (67), which addressed the mechanism of hypoxic 

pulmonary vasoconstriction. This group found that in hypoxia, K+ channel closure causes 

depolarization-induced Ca2+ entry in endothelia of alveolar capillaries. By means of Cx40- 

and Cx43-containing GJCs, the Ca2+ signal passes from the alveolar to the upstream 

arteriolar endothelium. Arteriolar constriction ensues as the Ca2+-activated arteriolar 

endothelium induces paracrine stimulation of the surrounding smooth muscle. By placing 

the hypoxia-sensing site at alveolar capillaries, and by invoking a role for GJCs, this model 

offers an elegant solution to the long-standing puzzles of how the lung senses hypoxia and 

how the resulting signal induces vasoconstriction.

LIMITATION OF LIVE LUNG MICROSCOPY

The major limitation common to all lung surface imaging is depth or z-axis penetration. The 

excitation signal, whether it is single photon or two photon, is rapidly dispersed by the air-

liquid interfaces of the lung, and therefore imaging with two-photon microscopy is confined 

mainly to the first 30–100 µm below the pleural surface (11, 68). Therefore, this technique 

accesses only the most superficial layer of the alveolar microcirculation. Although the 

superficial alveolar microvessels display multiple features of the overall pulmonary 

circulation, such as vascular recruitment (69), hypoxic vasoconstriction (70), and leukocyte 

recruitment (11), the extent to which there are disparities remains a concern.

LUNG SLICE IMAGING

What techniques are available for the investigator who wishes to visualize arteries, veins, 

and larger airways? Live lung slices can be prepared to image these deeper structures. This 

technique involves intratracheally instilling 37°C low-melting-temperature agarose into 

euthanized mice followed by rapid cooling, and the lungs are then mounted onto a vibratome 

and cut into 75- to 300-µm slices (71). The lung slices are maintained in media at room 

temperature until the time for imaging. Slices are placed immobilized in an imager chamber 

equipped with a heated stage, a peristaltic pump, an in-line heater, and a vacuum. 

Oxygenated media are perfused over the slices continuously, and tissue viability is excellent 

over extended periods of time and can be assessed by evaluating ciliary beating in larger 

airways (72). In fact, lung slices can be maintained in culture for several days, with smooth 

muscle contraction remaining intact for at least 5 days and ciliary beating for at least 10 days 

(71). An advantage of using lung slices is that it is relatively easy to stain the slices with 

dyes or fluorescently conjugated antibodies that are commonly used for flow cytometry or 
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immunofluorescence microscopy (72). A disadvantage is that the effects of lung inflation 

cannot be addressed in lung slices.

Applications for the lung slice technique include airway (71) and vascular smooth muscle 

(73) contractility, mucociliary function (74, 75), and allergic responses (76). Ca2+ 

oscillations can be imaged and quantified in studies of airway smooth muscle (71). Thornton 

et al. (77) used lung slices to track dendritic cells in the lung during homeostasis and in 

experimental allergic inflammation models. The lung slice model can even be coupled with 

lung intravital imaging to verify that observations made in the subpleural lung are also 

present deeper in the lung tissue.
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Figure 1. 
Stabilized, lung intravital imaging in mice. (a) Thoracic window for intravital lung imaging 

in mice. (b) Two-photon microscopy reveals lung alveolar spaces and blood vessels 

containing neutrophils (green) and platelets (red). Scale bar, 50 µm, 40 µm z stack.
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Figure 2. 
Real-time fluorescence microscopy of endothelial mitochondria in a lung venular capillary. 

(a) Confocal images show live fluorescence of the mitochondrial density marker 

MitoTracker green and of the mitochondrial Ca2+ dye rhod-2. Mitochondrial density is 

higher in a branch-point endothelial cell (arrowhead) than in other endothelial cells of the 

capillary. Reprinted with permission from Reference 18. (b) Tracings from single capillaries 

show cytosolic and mitochondrial Ca2+ oscillations induced by vascular pressure elevation. 

Pc denotes capillary pressure. Reprinted with permission from Reference 17.

Looney and Bhattacharya Page 18

Annu Rev Physiol. Author manuscript; available in PMC 2015 July 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Lung intravital microscopy in bacterial pneumonia. A LysM-GFP mouse was intratracheally 

challenged with Staphylococcus aureus (2 × 107 cfu) and injected with Texas Red dextran 

(i.v.). Two screenshots are shown at 3 and 5 h after instillation, revealing progressive 

neutrophil accumulation in the lung. Scale bar, 50 µm, 50 µm z stack.
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