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Abstract

The quantitative assessment of the lung architecture forms the foundation of many studies on lung

development and lung diseases, where parameters such as alveoli number, alveolar size, and septal thickness

are quantitatively influenced by developmental or pathological processes. Given the pressing need for robust

data that describe the lung structure, there is currently much enthusiasm for the development and refinement

of methodological approaches for the unbiased assessment of lung structure with improved precision. The

advent of stereological methods highlights one such approach. However, design-based stereology is both

expensive and time-demanding. The objective of this study was to examine whether ‘limited’ stereological

analysis, such as the stereological analysis of a single mouse lung lobe, may serve as a surrogate for studies on

whole, intact mouse lungs; both in healthy lungs and in diseased lungs, using an experimental animal model of

bronchopulmonary dysplasia (BPD). This served the dual-function of exploring BPD pathobiology, asking

whether there are regional (lobar) differences in the responses of developing mouse lungs to oxygen injury, by

examining each mouse lung lobe separately in the BPD model. Hyperoxia exposure resulted in decreased

alveolar density, alveoli number, and gas-exchange surface area in all five mouse lung lobes, and increased the

arithmetic mean septal thickness in all mouse lung lobes except the lobus cardialis. The data presented here

suggest that – in healthy developing mice – a single mouse lung lobe might serve as a surrogate for studies on

whole, intact mouse lungs. This is not the case for oxygen-injured developing mouse lungs, where a single lobe

would not be suitable as a surrogate for the whole, intact lung. Furthermore, as the total number of alveoli

can only be determined by an analysis of the entire lung, and given regional differences in lung structure,

particularly under pathological conditions, the stereological assessment of the whole, intact lung remains

desirable.
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Introduction

Robust quantitative data about the lung structure consti-

tute the basis of studies on lung anatomy and studies that

address structural perturbations to the lung that occur

under pathological conditions (Weibel et al. 2007; Weibel,

2017). The past decade has seen substantial advances in

methodological approaches to quantify elements of lung

structure. These advances include the implementation of

stereological methods for the assessment of parameters

that describe or reveal changes in the lung structure which

are either causes of lung disease or accompany the develop-

ment of lung disease, both in experimental animals

(M€uhlfeld & Ochs, 2013; Ochs & M€uhlfeld, 2013; M€uhlfeld

et al. 2015) and in humans (Hyde et al. 2004; Ochs et al.

2004). Key parameters of interest include the accurate

determination of the total lung volume, which is based on

the original mathematical relationships described by Archi-

medes of Syracuse (undated) and Cavalieri (1653), and

which were later applied to the determination of lung vol-

ume (Scherle, 1970; Michel & Cruz-Orive, 1988; Tschanz
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et al. 2011). In addition to lung volume measurements,

quantification of the total number of alveoli, the alveolar

density, the arithmetic mean septal thickness, and the total

gas-exchange surface area of the lung remain meaningful

measurements to study lung (patho)physiology (M€uhlfeld

et al. 2013).

Disorders of lung development such as bronchopul-

monary dysplasia (BPD) (Northway et al. 1967) are accompa-

nied by alveolar simplification in the lungs of newborns,

where alveolar simplification is evident by reduced alveolar

density and a reduction in the total number of alveoli in

the lung, which underlies a decreased gas-exchange surface

area (Surate Solaligue et al. 2017). These disturbances to

lung structure are also a characteristic of emphysema in

adults (Yildirim et al. 2010; Limjunyawong et al. 2015). All

of these pathological changes to lung structure constitute

hallmarks of disease. Furthermore, alterations to elements

of the lung structure are the primary readouts in studies

that employ animal models, either to validate the causality

of candidate pathogenic pathways (for example, using

gene-ablation and pathway inhibitor studies; Nardiello &

Morty, 2016) or in pre-clinical drug development studies, to

evaluate the efficacy of a candidate pharmacological or

other medical interventions. Thus, the ability reliably to

detect changes in lung structure with a high degree of pre-

cision is a priority in lung research today. The introduction

of design-based stereology to quantify elements of the lung

structure has introduced a much-needed unbiased

approach, with increased precision, compared to the more

classical morphometric approaches for the assessment of

mean linear intercept (MLI), radial alveolar count (RAC),

and septal thickness. These morphometric approaches

remain useful and important, with the caveats of being

more restricted, possibly biased, and less precise. With these

concerns in mind, stereological analyses are now among

the formal recommendations by learned societies for the

study of lung structure (Hsia et al. 2010).

A key barrier to the broader implementation of stereo-

logical analyses in investigative laboratories is the added

time and work burden, where the line- and point-counting,

which generates the core primary data of a stereology

study, cannot be automated. Currently, analyses are per-

formed on randomly selected regions of entire lungs

obtained from experimental animals. To explore whether

the time and work burden of a mouse lung stereology

study can be reduced, we set out to assess whether the

stereological analysis of a single lung lobe could serve as a

surrogate for the stereological analysis of an entire lung. In

parallel, this study served as the first side-by-side compar-

ison of the alveolar structure, assessed by design-based

stereology, of individual mouse lung lobes. To explore the

single-lobe approach in diseased lungs, an animal model of

BPD was then employed to investigate whether oxygen

injury to the developing lung generated regional (lobar)

variation in lung structure. This served the dual function of

permitting a side-by-side comparison of lung alveolar struc-

tures at the level of the individual lung lobes, in healthy

and diseased lungs.

Materials and methods

Approvals for studies with experimental animals

All animal procedures were approved by the local authorities, the

Regierungspr€asidium Darmstadt (approval number B2/277).

Mouse model of bronchopulmonary dysplasia

The hyperoxia-based model of BPD in mice was used as described

previously (Nardiello et al. 2017b). Newborn C57BL/6J mice were

randomised within 2 h of birth to equal-sized litters, and litters

were maintained in chambers either with a normoxic (21% O2) or a

hyperoxic (85% O2) gas-mixture atmosphere. Nursing dams were

rotated every 24 h, and received food ad libitum. Pups were eutha-

nised on post-natal day (P)14, with an overdose of sodium pento-

barbital (500 mg kg�1, intraperitoneal; Euthoadorm�, CP-Pharma,

Burgdorf, Germany; 1207DT).

Design-based stereology

All methods employed for the analysis of lung structure were based

on American Thoracic Society/European Respiratory Society recom-

mendations for quantitative assessment of lung structure (Hsia

et al. 2010). The protocol employed for the design-based stereologi-

cal analysis of neonatal mouse lungs has been described in detail

previously (Nardiello et al. 2017b; Pozarska et al. 2017; Rath et al.

2017). Mouse lungs were fixed through intratracheal installation of

a mixture of 1.5% (w/v) paraformaldehyde (Sigma, Darmstadt, Ger-

many; P6148) and 1.5% (w/v) glutaraldehyde (Serva, Heidelberg,

Germany, 23116.02) in 150 mM HEPES (Sigma; H0887) dissolved in

phosphate-buffered saline (PBS; Sigma; D8537), pH 7.4. Lungs were

fixed at a hydrostatic pressure of 20 cm H2O for 24 h at 4 °C. In

selected instances, post-fixation, the five mouse lung lobes were

separated, and whole, intact lungs or individual lung lobes were

embedded in 3% (w/v) agar (Sigma; 05039), and sectioned at

1.5 mm in a custom-made sectioning device with a Feather Trim-

ming Blade [No. 130, Type (S), pfmMedical AG, Cologne, Germany].

The total volume of the whole, intact lung or of individual lung

lobes, was measured using Cavalieri’s principle (Michel & Cruz-

Orive, 1988). Agarose-embedded whole, intact lungs or individual

lung lobes were treated with 1% (w/v) osmium tetroxide (Roth,

Karlsruhe, Germany; 8371.3) in 0.1 M sodium cacodylate (Serva, Hei-

delberg, Germany; 15540.03), and 2.5% (w/v) uranyl acetate (Serva,

Darmstadt, Germany; 77870.01) in ddH2O; embedded in glycol

methacrylate (Technovit 7100; Heareus Kulzer, Hanau, Germany;

64709003), and collected by systematic uniform random sampling

for stereological analysis (Schneider & Ochs, 2014). Tissue blocks

were sectioned at 2 lm, and every first and third section of a con-

secutive series of sections throughout the block was stained with

Richardson’s stain (Richardson et al. 1960) for the determination of

total number of alveoli and alveolar density. For the analysis of all

other stereological parameters, every 10th section of a consecutive

series passing through the same Technovit block was stained with

Richardson’s stain and assessed. Images of tissue sections were cap-

tured by scanning with a NanoZoomer-XR C12000 Digital slide
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scanner (Hamamatsu Photomics Deutschland, Herrsching am

Ammersee, Germany).

Determinations were made using the NewCast PLUSTM computer-

assisted stereology system (Visiopharm, Hoersholm, Denmark),

where event-counting was performed on 3% of each section for

the whole, intact lung studies. For individual lung lobe studies, the

per cent coverage of the tissue sections for each lobe was: lobus (l.)

cranialis, 15%; l. medius, 20%; l. caudalis, 10%; l. cardialis, 25%;

l. sinister, 7%. Coverage was set such that at least 200 events could

be counted on every section. Parameters assessed included the

arithmetic mean septal thickness [s (sep)], gas-exchange surface

area (S), as well as total alveoli number (N) and alveolar density

(Nv), as described previously (Pozarska et al. 2017; Rath et al. 2017).

Specific to the present study, the arithmetic mean septal thickness, s

(sep), was assessed by two different approaches using the individual

lung lobes. A cumulative average arithmetic mean septal thick-

ness,�sðsepÞ was determined by the mathematical relationship:

�s sepð Þ ¼
P

s sep, lobeð Þ
N lobe, lungð Þ

where
P

s sep, lobeð Þ represents the sum of the arithmetic mean

septal thickness obtained for each of the five lung lobes, and

N lobe, lungð Þ represents the number of lobes that make up the

intact lung (in this case, the integer 5). Alternatively, a proportional

contribution of the individual lung lobes to the overall arithmetic

mean septal thickness, s/ sepð Þ, was also determined from the math-

ematical relationship:

s/ sepð Þ ¼ 2 � P
V sep, lobeð Þ

P
S alv epi, lobeð Þ

where
P

V sep, lobeð Þ represents the sum of the septal volume

obtained for each of the five lung lobes, and
P

S alv epi, lobeð Þ rep-
resents the sum of the gas-exchange surface area obtained for each

of the five lung lobes. Similarly, a cumulative average mean alveolar

density, �Nv alv/lungð Þ, was determined by the mathematical rela-

tionship:

�Nv alv/lungð Þ ¼
P

Nv alv/par, lobeð Þ
N lobe, lungð Þ

where
P

Nv alv/par, lobeð Þ represents the sum of the alveolar den-

sity obtained for each of the five lung lobes, and N lobe, lungð Þ rep-
resents the number of lobes that make up the intact lung (in this

case, the integer 5). Alternatively, a proportional contribution of

the individual lung lobes to the overall mean alveolar density,

N/
v alv/lungð Þ, was determined by the mathematical relationship

N/
v alv/lungð Þ ¼

P
N alv, lobeð Þ

P
V par, lobeð Þ ;

where
P

N alv, lobeð Þ represents the sum of the number of alveoli

obtained for each of the five lung lobes, and
P

V par, lobeð Þ repre-
sents the sum of the parenchymal volume obtained for each of the

five lung lobes. The coefficient of error (CE), the coefficient of varia-

tion (CV), as well as the squared ratio between both (CE2/CV2) were

measured for each stereological parameter (Tables 1 and 2), and

the quotient threshold was set at 0.5. A CE2/CV2 < 0.5 indicated that

sufficient counting had been undertaken, where the CE2/CV2 value

relates to the optimal statistical efficiency in stereology (Gundersen

& Østerby, 1981; Hyde et al. 2007).

Sex genotyping of mice

The sex of each experimental animal was determined by simultane-

ously screening for the male-specific Sry locus and the sex-indepen-

dent Il3 genes, as described previously (Lambert et al. 2000). The

sex of each experimental animal is indicated in all graphs.

Statistical analysis

Data are presented in scatter plots as mean � SD. Differences

between experimental groups were evaluated using a one-way

ANOVA with Tukey’s post hoc modification for multiple comparisons.

Two-group comparisons were made by unpaired Student’s t-test.

All statistical analyses were performed with GraphPad PRISM 6.0. Sta-

tistical outliers were screened for, using Grubbs’ test, and none was

found.

Results

Oxygen injury blunts mouse lung alveolarisation

The exposure of newborn C57BL/6J mice to 85% O2 from

the day of birth up to and including P14 caused perturba-

tions to the structure of the lungs, comparing normoxia

(21% O2)-exposed (Fig. 1A) with the hyperoxia (85% O2)-

exposed (Fig. 1B) mouse pups. Visual inspection of

Richardson-stained lung sections revealed fewer and lar-

ger alveoli and reduced alveolar density in the 85% O2-

exposed lungs (Fig. 1A,B; quantified in Fig. 1E,H). Higher-

magnification images also demonstrated that 85% O2

exposure generated increased thickness of the alveolar

septa (Fig. 1C,D, quantified in Fig. 1F). These data vali-

dated the utility of hyperoxia in the present study as a

viable injurious stimulus to limit proper lung alveolarisa-

tion in this experimental animal model of BPD (Nardiello

et al. 2017a,b).

Oxygen injury impacts lung volume

The five lobes that make up the mouse lung could be effec-

tively separated from each other post-fixation for subse-

quent individual analysis (Fig. 2A). During normal lung

development in 21% O2-exposed mouse pups, at P14 the

l. sinister exhibited the largest lung volume (Fig. 2B,

Table 1), followed by the l. caudalis, and then the l. cra-

nialis, with the l. medius and l. cardialis being the smallest

lung lobes in terms of volume, and exhibiting approxi-

mately similar volumes (Fig. 2B, Table 1). These trends were

preserved in newborn C57BL/6J mice exposed to 85% O2

from the day of birth up to and including P14 (Fig. 2B,

Table 2), where oxygen injury did not alter lung lobe vol-

umes of the l. medius, l. caudalis, or l. cardialis, compared

with 21% O2-exposed pups (Fig. 2B). However, oxygen

injury did generate a smaller lung volume for the l. cranialis

and the l. sinister compared with 21% O2-exposed mouse

pups with normal lung development (Fig. 2B). Oxygen
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injury also generated a smaller volume of whole, intact

lungs in mice exposed to 85% O2 (Fig. 1G; Tables 1 and 2).

Oxygen injury did not appreciably impact the proportional

contribution of individual lung lobes to total lung volume

(Fig. 2C), with the exception of a minor effect on the two

smallest lung lobes. In mice exposed to 21% O2, the

l. medius was the smallest lobe, and in mice exposed to

85% O2, the l. cardialis was the smallest lobe (Fig. 2C).

Oxygen injury stunts post-natal lung alveolarisation

in all lung lobes

The alveolar density in the five lung lobes of mouse pups

with normal lung development (21% O2-exposed) appeared

largely similar by visual inspection (Fig. 3A, upper panel of

the 21% O2 group). However, quantitative analysis revealed

that the alveolar density exhibited variability across the

lung lobes, with the l. cranialis, the l. medius and the l. cau-

dalis exhibiting the highest alveolar density (Fig. 4A). The

remaining two lobes exhibited a reduced alveolar density

compared with that of the l. cranialis (Fig. 4A). In terms of

representativeness of alveolar density of individual lung

lobes to the alveolar density of whole, intact lungs, all five

lobes exhibited alveolar density that was comparable to

that of intact lungs (assessed by one-way ANOVA with Tukey’s

post hocmodification of the data in Table 1).

As the largest mouse lung lobe, the l. sinister contained

the largest number of alveoli in normally developing mice

(Fig. 4B, Table 1). Consistent with being the second- and

third-largest lobes, the l. caudalis and the l. cranialis,

respectively, each contained more alveoli than did the

l. medius or the l. cardialis (Fig. 4B), which are the smallest

two lobes of the mouse lung, by volume (Fig. 2C, Table 1).

As the gas-exchange surface area is directly related to the

Fig. 1 Validation of the impact of hyperoxia

exposure on post-natal lung alveolarisation in

an experimental mouse model of

bronchopulmonary dysplasia. Visual inspection

of histology sections from mice exposed to

(A) 21% O2 revealed normal lung

architecture, whereas (B) a reduction in the

number and an increase in the size of the

alveoli was clearly evident in lungs from mice

exposed to 85% O2 for the first 14 days of

post-natal life. Similarly, under higher

magnification (C,D), an increase in the

arithmetic mean septal thickness comparing

lung sections from (C) 21% O2-exposed

mouse pups and (D) 85% O2-exposed mouse

pups, was clearly evident. Sections represent

the same trends observed in another four

mice in each experimental group. (C,D)

Higher-magnification images of the regions

demarcated by the red box in (A) and (B),

respectively. Scale bar: 200 lm. The (E) total

number of alveoli in the lung, (F) arithmetic

mean septal thickness, (G) lung volume, and

(H) alveolar density were quantified by

stereology analyses and lung volume

determination using Cavalieri’s principle. Male

animals are indicated by blue symbols, and

female animals by red symbols. Data reflect

mean � SD (n = 5 animals per experimental

group). Comparisons were made by unpaired

Student’s t-test.
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number of alveoli and the alveolar density, the trends in

gas-exchange surface area (Fig. 4C) directly paralleled

trends in alveolar density (Fig. 4A) and total alveoli number

(Fig. 4B).

Exposure of newborn C57BL/6J mice to 85% O2 for the

first 14 days of post-natal life had a pronounced impact on

the alveolarisation of all five mouse lung lobes (Fig. 3).

Quantitative analysis revealed a reduction in alveolar den-

sity (Fig. 4A), total alveoli number (Fig. 4B), and gas-

exchange surface area (Fig. 4C) in all five lobes, comparing

21% O2-exposed with 85% O2-exposed mouse lungs.

Changes to the architecture of the developing mouse lung

lobes were not uniform within the lobes, where regional

differences in lung structure are highlighted (in Fig. 3) by

comparing different regions within the same lung section

that are demarcated by red and green boxes, and presented

as a magnified image below the image panel. For example,

regional changes in apparent alveoli number and diameter

(assessed by visual inspection) are documented for the

l. cranialis (compare Fig. 3F2,F3), the l. caudalis (compare

Fig. 3H2,H3) and the l. sinister (compare Fig. 3J2,J3). Simi-

larly, regional changes in apparent septal thickness (also

assessed by visual inspection) are documented for the

l. medius (compare Fig. 3G2,G3) and the l. cardialis (com-

pare Fig. 3I2,I3).

Oxygen injury differentially impacts arithmetic mean

septal thickness in lung lobes

The arithmetic mean septal thickness in the five lung lobes

of mouse pups with normal lung development (21% O2-

exposed) appeared largely similar by visual inspection

(Fig. 3, upper panel of the 21% O2 group). Indeed, no

quantitative changes in arithmetic mean septal thickness

within the 21% O2-exposed group were noted, comparing

all five lung lobes with each other, and with whole, intact

Fig. 2 Determination of lung lobe volumes

during normal and aberrant late lung

development. On the 14th day of post-natal

life, lungs were extracted from mouse pups

and separated into constituent lobes. (A)

Illustration of the separated lung lobes (left)

and intact lungs (right) from a 21% O2-

exposed mouse pup. (B) Comparison of the

volume of the lung lobes from mice with

normal (21% O2-exposed) and aberrant (85%

O2-exposed) late lung development. Male

animals are indicated by blue symbols and

female animals by red symbols. Data reflect

mean � SD (n = 6–7 animals per

experimental group). Comparisons were

made by unpaired Student’s t-test. (C) Pie

charts comparing the contribution to total

lung volume (as a sum of the volume of five

lobes from the same animal) of individual

lung lobes, in mice with normal (21% O2-

exposed) and aberrant (85% O2-exposed) late

lung development. The percentages indicated

describe the average values obtained from six

to seven animals per experimental group.
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lungs (P > 0.05 for all arithmetic mean septal thickness data

presented in Table 1, when assessed by one-way ANOVA with

Tukey’s post hocmodification).

The arithmetic mean septal thickness measured in whole,

intact mouse lungs from oxygen-injured (85% O2-exposed)

mouse pups was increased (Fig. 1F). The numerical value of

the arithmetic mean septal thickness was higher in all five

lobes from lungs from oxygen-injured mouse pups, com-

pared with the corresponding lung lobes from 21% O2-

exposed littermates. The arithmetic mean septal thickness

was increased in the l. cranialis, the l. medius, the l. caudalis

and the l. sinister from lungs from oxygen-injured mouse

pups compared with the same lobes from 21% O2-exposed

littermates (Fig. 5), while the arithmetic mean septal thick-

ness of the l. cardialis was similar in lungs from mouse pups

exposed to 21% O2 and 85% O2.

No quantitative changes in arithmetic mean septal thick-

ness within the 85% O2-exposed group were noted, com-

paring all five lung lobes with each other, and with whole,

intact lungs (P > 0.05 for all arithmetic mean septal thick-

ness data presented in Table 2, when assessed by one-way

ANOVA with Tukey’s post hoc modification).

The intact lung structure is largely reflected by the

summa loborum in normally developing, but not

aberrantly developing lungs

During normal lung development (21% O2-exposed mouse

pups), the lung volume estimated by Cavalieri’s principle for

a whole, intact lung was comparable to the lung volume

obtained mathematically from the sum of the volumes of

the five constituent lung lobes, where the lobe volumes

had been determined separately for each lobe (summa

loborum; Fig. 6A). Similarly, for the determination of total

number of alveoli (Fig. 6C) and gas-exchange surface area

(Fig. 6E) during normal lung development, values obtained

for the whole, intact lungs were comparable to values

obtained for the summa loborum. However, during aber-

rant lung development, the value for total alveoli number

assessed by the summa loborum approach was 28% higher

than that obtained by direct analysis of whole, intact lungs

(Fig. 6D). Furthermore, while the values for lung volume

(Fig. 6B) and gas-exchange surface area (Fig. 6F) assessed by

the summa loborum approach were comparable to those

obtained by direct analysis of the whole, intact lung

(P > 0.05), the numerical value of the means for both

parameters was higher in the summa loborum approach. In

fact, the higher magnitude of the mean lung volume in the

summa loborum approach may have led to the (now signifi-

cantly) increased (by 28%) total alveoli number assessed in

the summa loborum approach.

For alveolar density (Fig. 7A) and arithmetic mean septal

thickness (Fig. 7C) – two parameters that cannot be

summed from individual lobes – the values obtained in

whole, intact, normally developing lungs were comparable

to the average values obtained when the data for the five

individual lung lobes were considered together as a whole.

Two different approaches were adopted when the five lung

lobes were considered together as a whole (stratified sam-

ples): either an average value of the five lung lobes (‘cumu-

lative average’) was calculated or a proportional

contribution by the five lung lobes, based on lobe volume

A1 B1 C1 D1 E1

A2 A3 B2 B3 C2 C3 D2 D3 E2 E3

J1

J2I3I2H3H2G3G2F3F2 J3

I1H1G1F1

Fig. 3 Gross morphology of lung lobes from mice during normal and aberrant late lung development. For mice undergoing normal (21%

O2-exposed) and aberrant (85% O2-exposed) late lung development, a low-magnification view is presented in the upper panel of each oxygen-

exposure group, and two higher-magnification views are presented for each lobe below the low-magnification panel (extracted from the areas

demarcated by red and green boxes), to highlight structural variability within the same lobe. Sections represent the same trends observed in

another six to seven mice in each experimental group. Scale bar: 100 lm.
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(‘proportional contribution’) was calculated. These calcula-

tions are described in detail in the Methods section. When

comparing values for alveolar density in normally develop-

ing lungs, the values obtained with whole, intact lungs

were in complete agreement with the values obtained with

stratified samples (Fig. 7A). Similarly, for the arithmetic

mean septal thickness in normally-developing lungs, the

values obtained with whole, intact lungs were in complete

agreement with the values obtained with stratified samples

(Fig. 7C). However, this was not the case in aberrantly

developing lungs, where the two approaches utilising data

from individual lung lobes (stratified samples) from oxygen-

injured lungs were in agreement with one another, but the

data obtained from both stratified sample approaches led

to the estimation of a higher alveolar density (Fig. 7B) and

a lower arithmetic mean septal thickness (Fig. 7D), when

compared with the values from whole, intact oxygen-

injured lungs.

Discussion

Advances in the quantitative assessment of lung structure

have the capacity to impact significantly our understanding

of lung physiology and disease. Notable among these

advances, the development of stereological approaches to

study the lung architecture has introduced a method of

Fig. 4 Stereological analysis of alveolar

density, alveoli number, and gas-exchange

surface area, in individual lobes of lungs from

mice during normal and aberrant late lung

development. The (A) alveolar density, (B)

total number of alveoli in the lung, and (C)

gas-exchange surface area were determined

in the lungs of mice with normal (21%

O2-exposed) and aberrant (85% O2-exposed)

late lung development. Male animals are

indicated by blue symbols and female animals

by red symbols. Data reflect mean � SD

(n = 6–7 animals per experimental group). (A)

Statistical comparisons were made by one-

way ANOVA with Tukey’s post hoc

modification. (B,C) Statistical comparisons are

only illustrated for pairwise comparisons

between the 21% O2- and 85% O2-exposed

groups, using an unpaired Student’s t-test.

Additional stereology parameters are provided

in Tables 1 and 2.
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obtaining high-precision, robust, and minimally biased

data. Using stereology, pathological or developmental

changes in the total number of alveoli, the arithmetic mean

septal thickness, and gas-exchange surface area, among

other parameters, may be detected with high precision.

One of the practical drawbacks of the stereological

approach is the increased time and financial burden placed

on investigators, in comparison with alternative

approaches. This has limited the enthusiasm for widespread

implementation of stereological approaches for the study

Fig. 5 Stereological analysis of arithmetic mean septal thickness in individual lobes of lungs from mice during normal and aberrant late lung devel-

opment. The arithmetic mean septal thickness was determined in the lungs of mice with normal (21% O2-exposed) and aberrant (85% O2-

exposed) late lung development. Male animals are indicated by blue symbols and female animals by red symbols. Data reflect mean � SD (n = 6–

7 animals per experimental group). Statistical comparisons are only illustrated for pairwise comparisons between the 21% O2- and 85% O2-

exposed groups, using an unpaired Student’s t-test.

Fig. 6 Comparison of lung volume, alveoli

number, and gas-exchange surface area

obtained using intact lungs vs. individual lung

lobes. (A,B) Lung volume, (C,D) total alveoli

number, and (E,F) gas-exchange surface area

were determined either directly, using whole,

intact lungs, or mathematically, by the sum of

the volumes of the five constituent lobes that

had been determined separately for each lobe

(summa loborum). Determinations were made

for lungs of mice undergoing (A,C,E) normal

(21% O2-exposed) or (B,D,F) aberrant (85%

O2-exposed) late lung development. Male

animals are indicated by blue symbols and

female animals by red symbols. Data reflect

mean � SD (n = 6–7 animals per

experimental group). Comparisons were

made by unpaired Student’s t-test.
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of lung architecture in investigative laboratories. To explore

potential solutions to this problem, we embarked on a

study to assess whether ‘limited stereology’, that is to say,

the stereological analysis of representative parts (in this

case, lobes) of the lung, may serve as a surrogate for ‘intact

lung’ or ‘whole lung’ studies, in investigations on mouse

lung structure.

In lungs from mice at P14, the five lobes that make up

the mouse lung could be successfully separated from each

other. The l. sinister was the largest lung lobe, by volume,

followed by the l. caudalis, and the l. cranialis, with the

l. medius and l. cardialis being the smallest lung lobes in

terms of volume and exhibiting approximately similar vol-

umes. This observation contrasts with reports in 6-week-old

male Ivanova SIVZ rats, where the l. medius is reported to

be larger than the l. cranialis (Zeltner et al. 1990). During

normal mouse lung development, all mouse lung lobes

exhibited alveolar density that was comparable to the alve-

olar density assessed in intact lungs (Fig. 4A, Table 1, and

associated statistical analyses presented in the Results sec-

tion). Furthermore, the arithmetic mean septal thickness of

all mouse lung lobes was comparable to the arithmetic

mean septal thickness assessed in intact lungs (Fig. 5,

Table 1, and associated statistical analyses presented in the

Results section). As such, in normally developing healthy

mice, all lung lobes are appropriate surrogates for the stud-

ies on whole, intact lungs, for the measurement of alveolar

density and arithmetic mean septal thickness. This idea is

supported by the observations that both the proportional

contribution values and the cumulative average values for

alveolar density and arithmetic mean septal thickness

approximate the values obtained for both parameters made

in whole, intact lung (Fig. 7A,C). It is important to note that

both parameters are also ‘volume independent’, that is to

say, the values are independent of the measurement of

lobe or lung volume using Cavalieri’s principle.

For other parameters, including the total alveoli number

and gas-exchange surface area, the magnitude of both

parameters was proportional to the unit (either lobe or

lung) volume. As such, it is critical that the lung volume is

correctly measured. Lung volume determination was under-

taken using Cavalieri’s principle, as this has been docu-

mented to be more accurate in lungs from neonate and

young (as opposed to adult) mice (Pozarska et al. 2017).

There is no way to confirm that each individual lung lobe

was fully or uniformly inflated in our study. The alveolar

structure of each lobe noted by visual inspection (Fig. 3)

suggested that all five lobes were fully and uniformly

inflated. Furthermore, the sum of the volumes of the lung

lobes (summa loborum) was perfectly in line with the lung

volume determined in whole, intact lungs (Fig. 6A), sug-

gesting that the degree of inflation of the lobes was uni-

form and comparable in the separated lung lobe study and

in the whole, intact lung study. Furthermore, the mean lin-

ear intercept (roughly, the average distance between two

adjacent septa) would decrease if lung tissue was com-

pressed due to underinflation. However, the MLI values for

individual lung lobes as well as the MLI values for whole,

intact lungs were all comparable to one another in the

lungs of normally developing mouse pups (Table 1;

P > 0.05 for every comparison made by one-way ANOVA with

Tukey’s post hoc modification, for the MLI data in Table 1).

As additional support for lung lobes being uniformly

inflated, we note that the arithmetic mean septal thickness

Fig. 7 Comparison of alveolar density and

arithmetic mean septal thickness obtained

using uniform vs. stratified samples. The

alveolar density obtained by stereological

analysis of intact lung samples vs. stratified

(separated lobe) samples was compared for

the lungs of mice with (A) normal (21% O2-

exposed) and (B) aberrant (85% O2-exposed)

late lung development. Similarly, the

arithmetic mean septal thickness obtained by

stereological analysis of intact lung samples

vs. stratified (separated lobe) samples was

compared for the lungs of mice with (C)

normal (21% O2-exposed) and (D) aberrant

(85% O2-exposed) late lung development.

Male animals are indicated by blue symbols

and female animals are by red symbols. Data

reflect mean � SD (n = 6–7 animals per

experimental group). Comparisons were

made by one-way ANOVA with Tukey’s post

hoc modification.
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would increase if lung tissue was collapsed due to underin-

flation. The consistently comparable MLI and arithmetic

mean septal thickness across all five lung lobes and the

intact lungs of normally developing mouse pups lends

strong support to the notion that the lungs and lobes were

‘properly’ inflated.

Turning to measurement of lung structure in a pathologi-

cal context, we have employed a mouse model of BPD,

where exposure of newborn mice to normobaric hyperoxia,

stunts lung development, leading to fewer, larger alveoli,

and increased septal thickness (Buczynski et al. 2013; Silva

et al. 2015). In the lung structure analyses, several perturba-

tions to lung alveolarisation were noted throughout the

developing lung, where approximately 4 million alveoli

were noted in normally developing lungs, while only 1 mil-

lion alveoli were noted in aberrantly developing lungs. In

terms of alveoli number, alveolar density, and gas-exchange

surface area, all mouse lung lobes were equally impacted,

with regional variability in disturbances to lung structure

being noted within the affected lobes. This was not true for

arithmetic mean septal thickness, which was consistently

increased in all lung lobes after exposure to hyperoxia,

except for the l. cardialis, where no increase was noted. It is

important to stress at this junction that ‘regional’ effects

were considered at the level of individual lobes. There are

other ways to describe ‘regions’ of the lung. For example,

pathological perturbations to the lung structure may pref-

erentially impact the pleural regions or the regions adjacent

to the hilus. The data reported here would not reveal these

regional effects, which were considered at the level of the

individual lobes. In lung pathology where lung structure is

not uniformly impacted, using a selected lung lobe as a sur-

rogate for the entire lung would not be useful. Similarly, a

study on an entire lung may also not be useful. This concept

of regional differences is also relevant to developing lung,

where lung development does not proceed uniformly

throughout the lung, but rather starts in the proximal

regions and then extends into the peripheral regions (Schit-

tny, 2017); and the cranial part of the lung is thought to

develop faster than the caudal part (Warburton et al.

2010). Stereological approaches that could selectively

address the pleural or hilus regions of the lung (or any

other lung region that cannot be physically isolated for

individual analysis) may also be applied, although there is

some risk of bias, depending on how reliably and repro-

ducibly these subregions of the lung are delineated as the

reference volumes.

In oxygen-injured lungs, the proportional contribution

and cumulative average values for alveolar density and

arithmetic mean septal thickness of lung lobes did not

approximate the values obtained for both parameters in

whole, intact lungs (Fig. 7B,D). Also, the summa loborum

for total alveoli number (1.52 million) was higher than the

total alveoli number obtained from whole, intact lungs

(1.13 million; Fig. 6D). The reasons for these discordant

data, as marginal as the differences are in oxygen-injured

developing lungs, are not yet apparent. One concern may

be that the systematic uniform random sampling of individ-

ual lobes, when combined, does not necessarily represent

systematic uniform random sampling of the entire, intact

lung. Another possibility is that the increased tissue cover-

age of the individual lobe study yielded more precise data,

as, cumulatively, the individual lobe approach examined

13% of the entire lung, whereas for the intact, whole-lung

studies, 3% of the entire lung was examined.

Although the sex of each animal studied is indicated in all

data plots, this study was not powered to evaluate sex as a

modifier of alveolarisation in specific lung lobes. This is an

important issue, given reports that sex may influence the

responses of developing mouse lungs to hyperoxia expo-

sure (Lingappan et al. 2016), although sex does not appear

to be a modifier of normal lung alveolarisation up to P14

(Pozarska et al. 2017). Although the data here do not obvi-

ously suggest sex as a modifier of lobe alveolarisation at

P14, it is important to note that sex may indeed be a modi-

fier of lobe alveolarisation at later ages.

In sum, these data represent the first side-by-side compar-

ison of stereology-based analyses of the mouse lung archi-

tecture at the level of individual lobes, during normal and

aberrant post-natal lung development. These data indicate

that in healthy mouse lungs, stereology-based analyses of

individual lung lobes may serve as surrogates for all param-

eters investigated in the present study. Furthermore, in

terms of the pathobiology of BPD, the individual lung lobe

studies indicate that – with the exception of arithmetic

mean septal thickness – no specific lung lobe is more or less

impacted by oxygen injury, where the exposure of newborn

mice to a hyperoxic environment appears to uniformly stunt

lung alveolarisation throughout the entire developing lung.

However, given that the total number of alveoli in the lung

can only be determined by an analysis of the entire lung,

and given the regional differences in lung structure, partic-

ularly under pathological conditions, the stereological

assessment of the whole, intact lung remains desirable.

Thus, in studies addressing the impact of oxygen toxicity on

lung alveolarisation, the assessment of the entire, intact

lung remains the recommendation of these investigators.
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