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Abstract In the nineteenth century, there was a dispute
about the existence of a lung alveolar epithelium which
remained unsolved until the invention of electron micros-
copy (EM) and its application to the lung. From the early
1960s, Ewald Weibel became the master of lung EM. He
showed that the alveolar epithelium is covered with a lin-
ing layer containing surfactant. Weibel also explained the
phenomenon of “non-nucleated plates” observed already
in 1881 by Albert Kolliker. Weibel’s most significant con-
tribution was to the development of stereological methods.
Therefore, quantitative characterization of lung structure
revealing structure—function relationships became pos-
sible. Today, the spectrum of EM methods to study the
fine structure of the lung has been extended significantly.
Cryo-preparation techniques are available which are neces-
sary for immunogold labeling of molecules. Energy-filter-
ing techniques can be used for the detection of elements.
There have also been major improvements in stereology,
thus providing a very versatile toolbox for quantitative
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lung phenotype analyses. A new dimension was added by
3D EM techniques. Depending on the desired sample size
and resolution, the spectrum ranges from array tomography
via serial block face scanning EM and focused ion beam
scanning EM to electron tomography. These 3D datasets
provide new insights into lung ultrastructure. Biomedical
EM is an ever-developing field. Its high resolution remains
unparalleled. Moreover, EM has the unique advantage of
providing an “open view” into cells and tissues within their
full architectural context. Therefore, EM will remain an
indispensable tool for a better understanding of the lung’s
functional design.

Keywords Electron microscopy - Volume EM -
Stereology - Type II alveolar epithelial cell - Surfactant -
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A look back (“retrospectroscope’)

Scientific progress critically depends on the development
of new or improved analytical instruments. Visualization is
an essential way to gain scientific knowledge. Microscopes
enable to visualize and resolve objects that are otherwise
not accessible to the human eye. They are a paradigmatic
example for scientific instruments because they symbol-
ize meticulous investigation and attention to detail which
lead to new findings and, in the truest sense of the word, to
new insights. Every scientific field has a particular history,
and for a thorough understanding of the current state, it is
necessary to look back into the past. This “instrument” has
been termed “retrospectroscope” (Comroe 1977), and we
will use it to look back into the history of lung microscopy
(see also Weibel 1996, for an elegant review).
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Is there an alveolar epithelium?

The major function of the mammalian lung is gas exchange.
It is optimized to perform this function by providing a large
surface area and a thin barrier for diffusion of oxygen and
carbon dioxide between air (alveolar airspaces) and blood
(alveolar capillaries) (Ochs and Weibel 2015; Hsia et al.
2016). But how is this air-blood barrier built in detail?
From the early days of histology in the nineteenth century,
there was a dispute whether or not an epithelium cover-
ing lung alveolar capillaries exists. This dispute remained
unsolved until the middle of the twentieth century. A major
contribution came from Albert Kolliker (1817-1905).
In 1881, Kolliker, at that time professor of anatomy and
physiology at the University of Wiirzburg, published a
paper entitled “Zur Kenntniss des Baues der Lunge des
Menschen” (Kolliker 1881). Based on careful light micro-
scopic examinations of samples obtained from only one
human lung and using silver nitrate for staining intercel-
lular junctions, Kolliker found the epithelium “wenn auch
vollstindig und zusammenhingend, doch nicht gleichartig”
(although complete and continuous, not uniform). He went
even further and described two elements: small nucleated
spherical to polygonal cells and large cell plates covering
the capillaries which seemed to have no nucleus (“kernlose
Platten” or “non-nucleated plates”). Kollikers findings and
interpretations were later supported by some but also criti-
cized by others. While some histologists denied the exist-
ence of an alveolar epithelium, stating that the capillaries
are “naked” to facilitate gas exchange (e.g., Albert Policard
from the University of Lyon), others claimed that there is
an epithelium, either continuous or initially continuous but
later fragmented due to lung expansion during development
(e.g., Charles C. Macklin from the University of Western
Ontario and William S. Miller from the University of Wis-
consin). The state of knowledge around the middle of the
twentieth century was summarized by Miller in his seminal
monograph “The lung” (Miller 1937). Miller refers to the
1936 meeting of the American Association of Anatomists,
where the presence or absence of an alveolar epithelium
was the subject of a round table conference. He quotes the
report of the chairman of this conference, Charles C. Mack-
lin: “no conclusions were drawn by the Conference.” The
reason why this case could not be closed was simple: the
resolution of light microscopy was too limited to clarify
this issue.

The final answer came with the invention of electron
microscopy (EM) and its application to the lung. In the
early 1950s, Frank Low (1911-1998), the “gentle giant of
electron microscopy” (Carlson 1999), convincingly dem-
onstrated the presence of a continuous alveolar epithelium
(Low 1952, 1953). Today we know that this epithelium is,
as anticipated already by Kolliker in 1881, a mosaic of two
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different cell types, now designated as type I and type II
alveolar epithelial cells. Type I cells possess thin cytoplas-
mic sheets of only 0.1- to 0.2-um thickness, thus beyond
the resolution limit of conventional light microscopy. Type
II cells are secretory cuboidal cells that also serve as pro-
genitor cells of the alveolar epithelium (see Weibel 1996,
2015; West 2016, for review). By this mosaic, the two main
tasks for epithelial cells are divided: the lining function
(type I cells) and the secretory function (type II cells).

Ewald Weibel: measuring lung structure

From the early 1960s, Ewald Weibel (born in 1929)
became the master of lung EM. After graduating from
Medical School and training in Anatomy and Histology
at the University of Ziirich, he worked in the laboratories
of André Cournand, Dickinson Richards and George Pal-
ade in New York from 1959 to 1963. Cournand and Rich-
ards had received the Nobel prize in 1956; Palade later
received it in 1974. Weibel returned to Ziirich in 1963 and
became chair of the Institute of Anatomy at the University
of Bern in 1966. Using “fixation from behind” (i.e., vas-
cular perfusion), Weibel showed that even the alveolar
epithelium is not naked but covered with a duplex lining
layer consisting of an extremely thin surface film and an
aqueous hypophase containing surfactant (Weibel and Gil
1968; Gil and Weibel 1969/1970). Surfactant, a surface
active agent (hence the acronym) synthesized and secreted
by type II alveolar epithelial cells and required to prevent
alveoli from collapsing, was characterized earlier biophysi-
cally by John Clements (Clements 1957, 1997). A specific
intraalveolar surfactant subtype with a typical lattice-like
structure was first described by Weibel and termed “tubu-
lar myelin” (Weibel et al. 1966). Weibel also explained the
phenomenon of “non-nucleated plates” observed by Kol-
liker in 1881 by showing that type I alveolar epithelial cells
are capable of sending cell extensions through the alveolar
septal wall onto the opposite side of the septum (where the
epithelium lines a neighboring alveolus and where these
cell extensions seemingly have no nucleus) (Weibel 1971).
Moreover, together with George Palade, he described a
new organelle in pulmonary arterial endothelial cells which
was later termed “Weibel-Palade body” (Weibel and Pal-
ade 1964). A most significant contribution to microscopy
by Ewald Weibel was to the development of stereological
methods (Weibel and Gomez 1962; Weibel 1963, 1979a,
1980, 2013). Derived from the sound mathematical princi-
ples of stochastic geometry, stereology provides methods
for quantitative assessment of objects in microscopy. In
cases when, due to the size of the object and the micro-
scopic technique, only parts of the object can be analyzed
(i.e., a reduction in sample size is necessary) and when
only nearly two-dimensional (virtual or physical) sections
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through the three-dimensional object can be analyzed (i.e.,
a reduction in dimension is necessary), stereology is the
method of choice. Using rigorous sampling and measure-
ment protocols, accurate (unbiased) and precise quantita-
tive 3D data can be obtained efficiently from microscopic
sections (for historic review, see Cruz-Orive 1987; Weibel
1992). Stereology thus adds hard data to nice micrographs
and therefore extends qualitative morphologic description
to quantitative morphometric measurement at the micro-
scopic level. Applied to the lung, quantitative data char-
acterizing its inner structure (e.g., the surface area of the
alveolar epithelium or the thickness of the air-blood bar-
rier) were generated and used to reveal structure—function
relationships (e.g., Weibel 1973, 1979b, 1984).

The current status
Extending and refining the tools

Today, the spectrum of EM methods available to study the
fine structure of the lung has been extended significantly
(Koster and Klumperman 2003; Mclntosh 2007; Allen
2008; Kuo 2014). Besides conventional chemical fixa-
tion, cryo-preparation techniques are available (Cavalier
et al. 2009). They include cryo-fixation, e.g., vitrification
without ice crystal formation of samples of up to 200 um
by high-pressure freezing (Moor et al. 1980; Studer et al.
2001, 2008). These samples can then undergo either post-
fixation, dehydration or low-temperature embedding by
freeze substitution followed by ultrathin sectioning at room
temperature or ultrathin cryo-sectioning (Miihlfeld et al.
2007). A “chemical-free” protocol that involves high-pres-
sure freezing, ultrathin cryo-sectioning of frozen hydrated
samples and EM analysis under cryo-conditions is termed
CEMOVIS (cryo-electron microscopy of vitreous sec-
tions) (Al-Amoudi et al. 2004; Studer et al. 2008; Dubo-
chet 2012). The CEMOVIS technique has been applied
to study the ultrastructure of surfactant-containing lamel-
lar bodies in type II alveolar epithelial cells under condi-
tions as close as possible to the in vivo state (Vanhecke
et al. 2010) Cryo-methods are also important for improved
preservation of antigenicity, thus allowing for immunola-
beling of molecules using colloidal gold as marker system
(Roth et al. 1978, 1981; Roth 1989, 1996; Bendayan 2001;
Mobius 2009). Suitable samples are, for example, prepared
by freeze substitution or by the Tokuyasu technique (Grif-
fiths 1993; Liou et al. 1996). Applied to the lung, the intra-
cellular and intraalveolar localization of surfactant proteins
as well as their posttranslational processing could be ana-
lyzed in detail (Voorhout et al. 1993; Ochs et al. 2002; Bra-
sch et al. 2002, 2003, 2004). Because colloidal gold par-
ticles are “countable,” they are ideally suited as a readout

for quantitative analysis of immunolabeling by stereology
(Bendayan et al. 1980; Miihlfeld et al. 2007; Mayhew and
Lucocq 2008; Mayhew et al. 2009; Mayhew 2015). This is
of particular importance for very weak signals in order to
check whether “those few gold particles” (Griffiths 1993)
represent a preferential labeling or just unspecific back-
ground. Using this approach, the preferential localization
of surfactant protein A to lamellar bodies in the human lung
could be shown although an average of only two immu-
nogold particles per cell was found over lamellar bodies
(Ochs et al. 2002). Energy-filtering techniques can be used
for the detection of (endogenous or tracer) elements (Bauer
1988; Leapman and Ornberg 1988; Reimer 1991), e.g., for
analysis of the composition of lamellar bodies in type II
alveolar epithelial cells (Ochs et al. 1994; Fehrenbach et al.
1995; Ochs et al. 2001, 2004a).

There have also been major improvements in stereologi-
cal theory and practice (Baddeley and Vedel Jensen 2005;
Howard and Reed 2005), thus providing a very versatile
toolbox for quantitative lung phenotype analyses of gene-
manipulated organisms and animal models of human lung
disease. Design-based stereological methods are universally
applicable and can be combined with any imaging device—
from macro- to nanoscale. The application of stereol-
ogy to the lung has been reviewed in detail (Ochs 2006a,
b; Weibel et al. 2007; Ochs and Miihlfeld 2013; Miihlfeld
and Ochs 2013; Miihlfeld et al. 2015; Brandenberger et al.
2015). Lung stereology has been standardized by an official
research policy statement of the American Thoracic Society
and the European Respiratory Society (Hsia et al. 2010).
Particular examples include the application of the disector
method (Sterio 1984) for estimation of the number of type
II alveolar epithelial cells in the lung and, at the EM level,
the number of their surfactant-containing lamellar bodies
(Ochs et al. 2004b; Jung et al. 2005). The disector method,
originally developed for isolated particles, can also be used
as the basis for estimating the number of connected ele-
ments in a network by the Euler number (Gundersen et al.
1993), e.g., the number of lung alveoli (Ochs et al. 2004b,
c¢; Knudsen et al. 2007, 2009) or the number of loops in the
alveolar capillary network (Willfiihr et al. 2015).

EM in combination with stereology contributes signifi-
cantly to our understanding of lung structure and function
in health and disease, in particular when quantitative high-
resolution structural data are correlated with other (e.g.,
physiological or biochemical) data to establish structure—
function relationships in experimental studies when differ-
ent groups (e.g., treated vs. untreated controls or transgenic
vs. wild-type organisms) are compared. By this approach,
surfactant dysfunction and the effects of exogenous sur-
factant therapy in animal models of lung transplantation-
associated ischemia/reperfusion injury could be evaluated
(Ochs et al. 1999, 2000; Miihlfeld et al. 2009, 2010).
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A case study for the relevance of EM: collapse
induration

The relevance of the combined EM/stereology approach in
experimental studies may be illustrated in more detail by
one recent example: the elucidation of the role of surfactant
alterations and alveolar collapse for the early pathogenesis
of lung fibrosis. The type II alveolar epithelial cell has been
termed the “defender of the alveolus” (Mason and Williams
1977; Fehrenbach 2001) because of its two main functions:
being the cellular source of surfactant and constituting the
progenitor cell population of the alveolar epithelium. The
progenitor function is particularly obvious in cases of acute
lung injury/acute respiratory distress syndrome (Ware and
Matthay 2000; Matthay and Zemans 2011). The histopatho-
logic alterations are known as diffuse alveolar damage and
involve an early exudative phase with alveolar epithelial
injury, intraalveolar edema formation and surfactant altera-
tions, and a late fibroproliferative phase with proliferation
of type II alveolar epithelial cells (cuboidal metaplasia)
and thickening of the alveolar septa (Bachofen and Weibel
1977; Ochs 2006b). The final outcome is either restoration
or fibrosis. The current pathogenetic concept of lung fibro-
sis involves abnormal wound healing after repetitive alveo-
lar epithelial injury (Gross and Hunninghake 2001; Selman
et al. 2001). This concept is strongly supported by recent
data showing that dysfunction of type II alveolar epithelial
cells and thus of the surfactant system, e.g., mutations of
genes encoding for surfactant protein C or the lipid trans-
porter ABCA3 which is involved in the formation of lamel-
lar bodies, leads to a fibrotic phenotype in patients (Giinther
et al. 2012; Uhal and Nguyen 2013; Mulugeta et al. 2015;
Whitsett et al. 2015). The consequences of type II cell
injury would be denudation of the alveolar epithelial basal
lamina with subsequent cuboidal metaplasia of remaining
type II cells as well as surfactant dysfunction with alveolar
collapse due to increased surface tension. Alveolar collapse
would then lead to a loss of “open” (i.e., ventilated) alveoli,
a loss of aerated parenchymal lung volume, a loss of func-
tional alveolar surface area available for gas exchange and
a thickening of the alveolar septa. In fact, alveolar epithe-
lial cell death and alveolar collapse in cases of human lung
fibrosis have been shown previously by EM (Katzenstein
1985; Myers and Katzenstein 1988). Anna-Luise Katzen-
stein described “folding of portions of alveolar septa or
collapse of entire alveoli and permanent apposition of their
walls [...] in areas that had been denuded of alveolar lin-
ing epithelium” and observed that type II alveolar epithe-
lial cells “attempting to re-epithelialize the denuded basal
lamina proliferated over the surface of apposed septa,
thereby [...] forming a single thickened septum” (Katzen-
stein 1985). However, historically this description was an
independent rediscovery of the old pathogenetic concept
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of “collapse induration”—a term not used by Katzenstein
(1985) or Myers and Katzenstein (1988). Collapse indura-
tion appeared in the English literature in a letter and two
review articles by Arne Burkhardt (Burkhardt 1986, 1989;
Burkhardt and Cottier 1989). He pointed out that “The cen-
tral importance of alveolar collapse and its sequelae—per-
manent apposition of the denuded alveolar walls ‘glued’
together [...], so-called collapse induration or atelectatic
induration—for the pathogenesis of lung fibrosis has been
vastly neglected in the international literature” (Burkhardt
1989) and that it had been known in the German literature
for a long time. Indeed, in 1881 (the same year that Albert
Kolliker published his seminal paper), Ernst Ziegler pub-
lished a Pathology textbook (“Lehrbuch der allgemeinen
und speciellen pathologischen Anatomie fiir Arzte und
Studirende”) in which he entitled a paragraph “Atelectase,
Collapsinduration und Emphysem” which contained a fig-
ure showing collapse induration (Ziegler 1881). This text-
book was translated and published in English as “A text-
book of pathological anatomy and pathogenesis” in 1884.
Here, however, the term “Collapsinduration” was translated
as “collapse” or “cirrhosis of collapse.” Thus, it seems that
the term was lost in translation until Burkhardt changed
this more than 100 years later.

In order to obtain a better understanding of the role of
surfactant dysfunction, alveolar collapse and collapse indu-
ration in the development of lung fibrosis, we performed
an experimental study using the rat bleomycin model (Lutz
et al. 2015). Although this animal model of lung fibrosis
(like any other animal model of human disease) has clear
limitations (Williamson et al. 2015), it allows to analyze the
time course of quantitative structural alterations in relation
to lung function during the progression from initial lung
injury to fibrosis in a defined and reproducible manner. After
injury induction with bleomycin, rats were analyzed in the
early (1 and 3 days after injury) and the late (7 and 14 days
after injury) phase. In the early phase, microatelectases
with collapse of alveoli and their walls piling up were
found. Lung elastance (a measure of stiffness) increased,
but could be decreased when positive end-expiratory pres-
sure (PEEP) was increased, suggesting that the collapsed
alveoli were still recruitable. Type II alveolar epithelial cells
were hypertrophic with increased volumes of intracellular
surfactant. On the other hand, intraalveolar surfactant was
decreased and biophysically less active. In the late phase,
fibrosis with thickening of alveolar septa and collapse indu-
ration became obvious. Lung elastance further increased,
but now could not be decreased by increasing PEEP, thus
suggesting that collapsed alveoli were no longer recruita-
ble and that the remaining ventilated lung parenchyma was
overdistended. Comparison of stereological data from the
early and late phase of injury showed an increase in non-
ventilated parenchyma due to fibrotic tissue, a decrease in
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Fig. 1 Transmission electron microscopy. Human lung. Sample
from an explanted lung of a patient with idiopathic pulmonary fibro-
sis undergoing lung transplantation (for details, see Lutz et al. 2015).
a Collapse induration. Region with collapsed alveolus and cuboidal
metaplasia of type II alveolar epithelial cells (AE2). An infolding of
the alveolar epithelial basal lamina is “sealed” by an AE2 cell (arrow-

total alveolar airspace volume, a decrease in the number of
ventilated alveoli closely correlated with a decrease in static
compliance, an increase in the mean size of the remaining
alveoli, a decrease in alveolar surface area and an increase
in alveolar septal wall thickness at late phase. Interestingly,
the presence of collapse induration could also be confirmed
in samples from two explants from patients with idiopathic
pulmonary fibrosis (IPF, the most common and most fatal
form of lung fibrosis) that underwent lung transplantation
(Fig. 1). Taken together, these findings clearly suggest that
alveolar collapse and collapse induration are important
events in the development of lung fibrosis. An initial alveo-
lar epithelial injury with surfactant alterations leads to alve-
olar collapse which is at first reversible but then becomes
irreversible and finally permanent due to collapse induration
(Lutz et al. 2015).

In this case study, EM and stereology were essential for
gaining mechanistic insight into the pathogenesis of fibro-
sis. The earlier findings by Katzenstein (1985) and the
notions by Burkhardt (1986, 1989) show that this patho-
genetic concept is not entirely new. Lung function tests in
patients with fibrosing alveolitis indicated a loss of func-
tioning alveoli (“lung shrinkage,” Gibson and Pride 1977).
Alveolar collapse into alveolar ducts has also been sug-
gested as a relevant mechanism for the development of
fibrosis, for example, by Crouch (1990), Hogg (1991), Gal-
vin et al. (2010) and Leslie (2011). Moreover, permanent
alveolar collapse into alveolar ducts would also explain the
phenomenon of “honeycombing” (Galvin et al. 2010, Les-
lie 2011). Radiologically, it is defined as thick-walled cystic
spaces of comparable diameters of typically 3-10 mm

heads). b At higher magnification of the region indicated by dashed
lines in a, the denuded epithelial basal lamina of the collapsed alveo-
lus can be traced in detail (arrowheads). The former alveolar lumen
(asterisk) is overgrown by an AE2 cell. The alveolar capillaries (cap)
underneath the infolded basal lamina are isolated from the remaining
ventilated airspaces. Scale bars 10 pm (a), 2 pm (b)

(Hansell et al. 2008). Honeycombing with a predominantly
peripheral and basal distribution is a hallmark of the diag-
nosis of IPF based on computed tomography (CT). Indeed,
the posterior basal segments of the lung should be the most
severely involved, because these alveoli are the smallest
in the upright and supine positions and are therefore more
likely to collapse (Galvin et al. 2010). In addition, Cox-
son et al. (1997), using a combined CT and histopathol-
ogy approach, reported a reduction in airspace volume and
surface area without increase in lung tissue volume in IPF
patients. Accordingly, no increase in total lung collagen
could be found in IPF patients (Fulmer et al. 1980). Col-
lectively, these data indicate that clinically manifest lung
fibrosis is not primarily a disease of excess extracellular
matrix production and deposition, but rather the final stage
of a sequence of alveolar epithelial injury combined with
surfactant dysfunction, alveolar collapse, collapse indura-
tion and scarring. This concept, which only seems new to
those who do not look through the “retrospectroscope,” has
been elegantly reviewed recently by Todd et al. (2015). It
should result in the identification of new therapeutic targets
and the development of new treatment strategies for this
devastating disease.

A look into the near future
From flatland to 3D EM: opportunities and challenges

A new dimension to lung EM was (literally) added by
3D techniques. The spectrum currently ranges from array
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Fig. 2 Serial block face scanning electron microscopy. Mouse lung.
Segmentation of alveolar septal walls from a stack of 2083 images
(section thickness 70 nm) projected onto a single slice of the stack.
Block size about 350 x 350 x 150 um. The complexity of the
branching acinar airways with alveolar ducts (ad) whose “wall” is
entirely constituted by the 3D network of alveolar openings (ao) can
be appreciated. Compare videos Al and A2 in online supplement

4

Fig. 3 Serial block face scanning electron microscopy. Mouse lung.
Three single slices (numbers 343, 372 and 466) out of a stack of 1219
images (section thickness 50 nm) are shown. a Overview. The region
with an interalveolar pore of Kohn (pK) indicated by the dashed lines

@ Springer

tomography via serial block face scanning EM (SBF-SEM)
and focused ion beam scanning EM (FIB-SEM) to elec-
tron tomography. These methods complement each other
perfectly because they cover sample sizes from large to
small and axial resolution from low to high. Strictly speak-
ing, the first three methods are stacking methods, whereas
only electron tomography is tomography in the strict sense
(reconstruction from projection images). The first three
methods are also, together with their pre-digital ances-
tor, serial section transmission EM, collectively referred
to as volume EM (Briggman and Bock 2011; Peddie and
Collinson 2014). In array tomography, ribbons of serial
ultrathin sections are cut and collected on a solid sub-
strate for imaging (e.g., by SEM). These images are then
aligned and reconstructed in 3D (Micheva and Smith 2007;
Wacker and Schroeder 2013). The most recent improve-
ment in array tomography is an automated tape-collecting
ultramicrotome (ATUM, Hayworth et al. 2014). SBF-SEM
and FIB-SEM are both based on the principle of alternat-
ing scanning of the sample block surface and the removal
of thin slices from that surface in the vacuum chamber.
Therefore, they are both destructive because the slices are

is shown at higher magnification in b. Two segments of the alveolar
capillary network (highlighted in green, left) connect (middle) and
branch (right). Compare videos A3 and A4 in online supplement.
Scale bars 30 um (a), 10 um (b)
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Fig. 4 Serial block face scanning electron microscopy. Mouse lung.
Three single slices (numbers 26, 103 and 125) out of a stack of 224
images (section thickness 50 nm) are shown. a Overview. The region
with the type II alveolar epithelial cell (AE2) indicated by the dashed
lines is shown at higher magnification in b. The AE2 cell sits at the
junction of three alveolar septa and two interalveolar pores of Kohn
(pK). Its apical membrane is exposed toward the upper (left) as well

lost after removal, and thus, the recorded part of the sam-
ple is completely destroyed. In SBF-SEM, the removal is
achieved by sectioning with an integrated ultramicrotome,
and in FIB-SEM by milling with a focused gallium ion
beam (Briggman and Bock 2011; Peddie and Collinson
2014). In electron tomography, a rotational relationship
between detector (camera) and sample is created by tilting
the section (typical thickness around 200-500 nm) inside
the electron microscope at defined intervals producing a tilt
series: a sequence of projections of the object from differ-
ent angles. This tilt series is further processed to result in an
electron tomogram, a stack of parallel slices with an axial
resolution in the range of 2—5 nm. Particular structures of
interest can then be segmented for further analysis (Bonetta
2005; Mclntosh et al. 2005). It should also be noted that
cryo-FIB-SEM can be used as a tool for preparing samples
for cryo-electron tomography (Villa et al. 2013; Lucic et al.
2013).

These techniques provide 3D datasets much more
efficiently than serial section transmission EM because
the acquisition of raw datasets is done to a large extent

as the lower (middle and right) alveolus. Intracellular surfactant mate-
rial is stored in lamellar bodies (Ib). Occasionally, fusions of 1b prior
to secretion (left inset, highlighted in green) and secretion of sur-
factant into the alveolar lumen (right inset, highlighted in green) can
be observed. Compare videos A5 and A6 in online supplement. Scale
bars 10 um (a), 2 um (b)

automatically. After adaptation of fixation, processing and
embedding protocols which may be required in particular
for SBF-SEM and FIB-SEM in order to improve contrast
and conductivity (Deerinck et al. 2010; Tapia et al. 2012),
they are ready to be applied in order to gain new insights
into the functional structure of the lung. With respect to the
alveolar region of the lung, SBF-SEM allows visualiza-
tion of alveolar sacs in 3D (Fig. 2 and Videos Al and A2
in online supplement). The complex alveolar capillary net-
work can also be traced (Fig. 3 and Videos A3 and A4 in
online supplement). Type II alveolar epithelial cells can be
followed in the z-direction, demonstrating the simultaneous
secretion of surfactant material into two neighboring alve-
oli (Fig. 4 and Videos A5 and A6 in online supplement).
The secretion of surfactant by single lamellar bodies can be
studied by FIB-SEM (Fig. 5 and Video A7 in online supple-
ment). Eventually, the arrangement of individual lamellae
within lamellar bodies is discernible by electron tomogra-
phy (Fig. 6 and Video A8 in online supplement).

Relevant subjects for future applications may include
high-resolution reconstructions of complete type I alveolar
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Fig. 5 Focused ion beam scanning electron microscopy. Mouse
lung. Six single slices (numbers 62, 86, 91, 113, 129 and 133) out of
a stack of 191 images (milling thickness 10 nm) showing the apical
part of a type II alveolar epithelial cell are shown (a). The fusion of a

epithelial cells in order to visualize the complexity of their
thin cell sheets—the reason why Albert Kolliker believed
that “non-nucleated plates” exist in the alveolar epithelium.
It would also be of considerable interest to understand the
development of type I cells and the transformation of type
II into type I cells during regeneration after lung injury.
Another potential application relates to the complex alveo-
lar capillary network, its development and postnatal remod-
eling during the phase of microvascular maturation. Finally,
in cases of lung fibrosis it is still unclear how connected
regions of collapse induration and scarring with fibroblas-
tic foci are. Based on imaging methods with consider-
ably lower resolution, there are opposing views whether
fibroblastic foci form a reticulum (Cool et al. 2006) or not
(Jones et al. 2016).

There is great potential in combining these 3D EM
techniques with stereology because they have “built-in”
datasets (3D stacks of thin slices) for stereological meth-
ods that require depth information like the Cavalieri esti-
mator for volume estimation or the “optical” disector for
number estimation. The combination of 3D EM and ste-
reology to quantitative 3D EM is a true symbiosis (Van-
hecke et al. 2007) as demonstrated by several studies with
SBF-SEM (e.g., Shomorony et al. 2015), FIB-SEM (e.g.,
Merchan-Perez et al. 2009) and electron tomography
(e.g., Vanhecke et al. 2007). This approach is part of the
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lamellar body (Ib) with the apical membrane and the secretion of sur-
factant into the alveolar lumen can be followed in z-direction. b Seg-
mentation of the z stack showing secreted surfactant material (arrow).
Compare video A7 in online supplement. Scale bar 1 pm

concept of “morphomics” (Lucocq et al. 2015; Mayhew
and Lucocq 2015).

Current analysis strategies in EM are either “top-down”
(zooming in by correlative microscopy from whole organ-
isms via organs and tissues down to the cellular and subcel-
lular level) or “bottom-up” (structural biology of molecules
by single-particle cryo-EM, Eisenstein 2016). There is still
a gap between these two approaches which are not (yet)
fully connected. The fitting of molecular data into a whole
cellular and supracellular context by cryo-electron tomog-
raphy, although under current development as “visual prot-
eomics” (Baumeister 2002; Nickell et al. 2006; Lucic et al.
2008, 2013), awaits to be established for the lung.

A word of caution is necessary regarding the amount of
digital data that can be produced by 3D EM techniques.
“Big data” may not necessarily mean “big information,”
and before producing huge amounts of digital waste, one
should evaluate the amount of data which is sufficient in
order to get the information that is actually relevant in the
context of a given study. Here, again, stereology may prove
to be useful because it provides smart sampling strategies
(see Lucocq et al. 2015).

In order to understand the lung, we have to look into it
(Weibel 1979b), and the closer we look, the more we may
be able to see (Ochs 2010). Biomedical EM is an ever-
developing and vital field (Knott and Genoud 2013). The
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Fig. 6 Electron tomography. Mouse lung. A single slice of the tomo-
gram (reconstructed from a tilt series of 101 images recorded with an
increment of 1° from a section of 300-nm thickness) shows individual
lamellae representing surfactant material inside a lamellar body (a).
Occasionally, lamellar bifurcations are visible (arrowheads). Besides

high resolution provided by EM remains unparalleled
(Pavelka and Roth 2015). Moreover, EM has the unique
advantage of providing an “open view” into cells and tis-
sues within their full architectural context, now even in 3D,
which leaves room for surprising findings leading into new
and unexpected directions—an important aspect in many

slices in xy direction (a), lateral views can also be generated in xz
(b), in yz (c) or in any preferred direction at any preferred position in
the 3D data stack. Individual volumes can be reconstructed (d) and
segmented (e). Compare video A8 in online supplement. Scale bar
100 nm

cases of important scientific discoveries (Comroe 1977).
This is in contrast to techniques where only those structures
are visualized which were a priori targeted by—hopefully
specific (Griffiths and Lucocq 2014)—fluorescent labels.
New technological developments and improvements will
shed new light (actually, electrons) on molecules, cells,
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tissues and organs. We can therefore expect that EM will
remain an indispensable tool for a better understanding of
the functional design of the lung.
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