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Abstract 

Regeneration of gas exchange area by induction of neoalveolarization would greatly improve 

therapeutic options in destructive pulmonary diseases. Unilateral pneumonectomy is an 

established model to remove defined portions of gas exchange area and study mechanisms of 

compensatory lung growth. We addressed the question whether new alveoli are added to the 

residual lung after pneumonectomy in mice. 

 

Left-sided pneumonectomy was performed in adult C57BL/6 mice (n=11). Alveolar numbers 

were analyzed in lungs fixed at day 6 and 20 after pneumonectomy and in age-matched 

controls (n=10) using design-based stereology based on a physical fractionator. Post-fixation 

lung volume was determined by fluid displacement.  

 

Complete restoration of lung volume was observed 20 days after pneumonectomy. Alveolar 

numbers were significantly increased by 33% in residual right lungs at day 20 in comparison 

with control right lungs. In control left lungs, an average of 471±162 x 10³ alveoli was 

estimated, 49% of which were regenerated by residual lungs at day 20. 74% of newly formed 

alveoli seen at day 20 were already present at day 6. 

 

Our data demonstrate that, in addition to growth of existing alveoli in size, neoalveolarization 

contributes to restoration of gas exchange area in adult mice and is induced early after 

pneumonectomy. 
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Introduction  

Several lung diseases originate from or are associated with a loss of alveolar septa, which may 

lead to severely compromised gas exchange. Moreover, loss of lung parenchyma results from 

resection in lung cancer patients or size-reduced lung transplantation in patients with end-

stage lung disease [1-3]. Fortunately, the mammalian lung has a high capacity to compensate 

for major losses of lung tissues. Complete restoration of lung function is achieved either by 

recruitment of functional reserves or by compensatory lung growth [4]. The formation of new 

alveoli provides a rationale for identifying intrinsic regenerative programs of the lung, which 

may be employed for therapeutic purposes [5, 6].  

Resection of major parts of the lung by unilateral pneumonectomy (PNX) is an established 

model to study compensatory lung growth in mammals [4, 7, 8]. As highlighted recently [9], 

the PNX model has several great advantages: it mimics the loss of functional lung units seen 

in destructive lung diseases, the loss of tissue is well defined and reproducible, the remaining 

lung is normal, and compensatory responses can be quantified without difficulty.  

Compensatory growth is similar across species, but may differ with age, gender, hormonal 

status, and the amount of lung tissue resected [4, 8]. DNA synthesis and cell proliferation are 

induced early after PNX in the major resident cell types necessary for generation of new 

alveolar septa [10-15]. We have recently demonstrated in adult mice that compensatory lung 

growth results in the complete restoration of the gas exchanging alveolar septa within 3 weeks 

[15], and that bone marrow-derived vascular progenitor cells do not contribute to compensa-

tory lung growth in this model [16]. Although detailed quantitative morphologic studies 

demonstrated that alveolar and capillary surface area, alveolar septal tissue volume, and 

morphometric lung diffusing capacity are completely restored after PNX [15, 17, 18], the 

structural basis of how new alveolar tissue is added remains incompletely understood [5]. In 

particular, it is unclear whether regeneration is accomplished solely by growth of existing 



 

 

alveoli in size as indicated by early studies [18-20], or if neoalveolarization contributes to the 

restoration of lung parenchyma. 

The question whether new alveoli are added or not can be adequately addressed only by 

means of quantitative morphology. Until recently, the methodological armamentarium did not 

allow for an unbiased estimation of alveolar numbers. Novel approaches, based on the 

disector and the fractionator [21, 22], were established recently for counting alveoli under the 

microscope without the need for any bias-prone assumptions about their geometry and 

distribution [23, 24].  

In this study, we asked if the formation of new alveoli contributes to the complete restoration 

of alveolar gas exchange area seen after left-sided PNX in mice [15]. To test this hypothesis 

we employed a design-based stereologic approach based on the disector and the fractionator 

to estimate total numbers of alveoli in lungs of mice 6 and 20 days after left-sided PNX 

compared to age-matched control mice.  

 

Material and Methods  

Animal surgery 

As described previously [15], C57BL/6 mice 12-14 weeks of age were anaesthetized and 

mechanically ventilated with a mouse ventilator (Hugo Sachs Elektronik, March-Hugstetten, 

Germany). The left lung was lifted through an incision in the 5th intercostal space, tightly 

ligated at the hilum, and resected. Animals were sacrificed at day 6 (n=6) and 20 (n=5), age-

matched controls at day 0 (n=6) and 20 (n=4). All animal procedures were performed 

according to the guidelines of good animal experimental practice of the University of Giessen 

and approved by the local authorities for animal experiments. 



 

 

Lung Fixation  

The architecture of the alveolar gas exchange region in fixed lungs greatly depends upon the 

mode of fixation used. As perfusion fixation via the pulmonary artery at a defined airway 

pressure was suggested to preserve the alveolar microarchitecture in a state that resembles the 

situation of the air-filled lung during breathing [25], lungs were fixed by vascular perfusion as 

described previously [15, 26]. Anaesthetised and heparinized (100 IU) mice were intubated 

with a 20 G venous catheter (Vasocan Braunüle 20 G, B. Braun Melsungen AG, Melsungen, 

Germany) and mechanically ventilated with a mouse ventilator (MiniVent, Type 845, Hugo 

Sachs Elektronik, March-Hugstetten, Germany). Operations were performed using a 

Leica MS 5 microscope (Leica Instruments GmbH, Nussloch/Heidelberg, Germany). After 

sacrifice of the mice with an overdose of halothane, the thoracic cavity was opened, the 

pulmonary artery was cannulated, and lungs were ventilated through several full ventilation 

cycles prior to adjustment of a constant airway pressure of 12 cm water column. Then, the 

lungs were perfused via the pulmonary artery with 4% phosphate-buffered paraformaldehyde 

at a hydrostatic pressure of 15 cm fluid column for 10 minutes. Trachea and vessels were 

tightly ligated, and excised lungs were stored in cold fixative over night in a refrigerator.  

Sampling of lung tissue using the fractionator 

Immediately before sampling, the absolute volume of each lung was determined by fluid 

displacement [27]. Sampling of tissue blocks and sections was performed according to Hyde 

and co-workers [24] using an orientator to randomise tissue orientation during cutting of 

3 mm thick lung slices and subsequent cutting of 3 mm wide bars (Figure 1). Thus, we did not 

need to make any assumption about the orientation of alveoli within the lung, although the 

physical fractionator for estimation of particle numbers is clearly not affected by orientation 



 

 

[28]. Due to the small size of the lungs, all bars obtained were embedded into paraffin so that 

the bar sampling fraction (SF1) was 1/1.  

Embedded bars were cut into 20 µm thick serial sections using a motorized microtome with 

block cooling device (H 355 S, Microm, Walldorf, Germany), which was calibrated for block 

advance (BA). Sections were collected on slides and H&E stained for subsequent estimation 

of mean bar thickness (MBT) of 2,700 µm. After having cut the block down to half of its 

thickness, a series of eight 5 µm thick serial sections were cut, collected on slides. One pair of 

sections was orcein stained for subsequent counting of alveoli. As the section sampling 

fraction (SSF2) is defined by the ratio of ST : MTB, SSF2 was 1/540, i.e. 5 µm divided by 

2,700 µm. 

Counting of alveoli using the physical disector 

All stereologic analyses were performed by means of a computer-based system (CAST-Grid 

2.01, Olympus, Denmark) connected to an Olympus BH-2 microscope. The number of alveoli 

was determined by estimating the Euler number ( x ) of the network of alveolar openings [23, 

24]. One pair of orcein stained sections per tissue block was systematically scanned along the 

x- and y-axis to obtain a uniform systematic random sample of disector pairs 600µm x 600µm 

(PNX) to 700µm x 700µm (controls) apart. With a counting frame of 24,635 µm², the area 

sampling fraction (ASF3) was 0.0503 (= 24,635 µm² / 490,000 µm²) in control and 0.0684 (= 

24,635 µm² / 360,000 µm²) in PNX mice, respectively. x  was estimated by counting all 

bridges (B), i.e. alveolar openings that opened in look-up section but were closed in the 

reference section of the disector pair, and all islands (I), i.e. isolated alveolar edges without 

connection to alveolar septa in the look-up section and not seen in the reference section, in 

each counting frame (Figure 2). In each field of view counting was performed in both 

directions (double disector) to increase the efficiency of counting. To correct for counting 

frames which could not be evaluated due to e.g., mechanical artefacts to the sections, a 



 

 

correction factor (CF) was introduced. CF was defined as the ratio of points (upper right 

corner of the counting frame) hitting distorted lung parenchyma divided by the total number 

of points hitting lung tissue. As x−  is the estimator ( =: ) of the number of alveoli in the 

fraction of lung analysed (N alv,fraction), it is calculated according to formula 1 from the sum 

of bridges and the sum of islands counted in all disector pairs of an individual lung to be 

N alv,fraction 
CF1

1
2
1)BI(:

−
••−−=−= ∑∑χ  (1) 

The factor ½ was introduced in formula 1 because counting was performed in both directions. 

From this the total number of alveoli per lung (N alv,lung) is calculated according to 

formula 2 by multiplication with the inverse of the sampling fractions defined at each 

sampling step 

N alv,lung 
1

1
2

1
3

1:
SFSSFASF

x •••−=     (2) 

Calculating counting noise and variance  

In order to evaluate the contribution of the actual counting procedure to the observed variance 

(OCV), the counting noise was calculated for each lung using formula 3 according to Hyde 

and co-workers [24]: 

CEnoise² = 
∑ ∑+ IB

1   (3) 

Pilot studies were performed in order to adjust the area sampling fraction by varying the 

distance between disector pairs so that the mean counting noise was less than < 7%. 

OCV was obtained for each experimental group according to formula 4 by dividing the 

standard deviation (SD) by the mean value ( x ): 



 

 

OCV(x) = 
x

SD(x)   (4) 

A mean of 212 bridges (range 181 to 284) was counted in the lungs of 10 control mice and 

224 bridges (range 170 to 327) in the lungs of the 11 mice which underwent left-sided PNX. 

Only one single island was observed in all the lungs together. This resulted in an equivalent 

mean counting noise of 6.9% (range 5.9% to 7.4%) in control and 6.8% (range 5.5% to 7.7%) 

in PNX mice. 

Statistics 

Mean values (± SD) are given. One way ANOVA was performed using SigmaStat 3.1 

software (Jandel Scientific, Erkrath, Germany) if normality and equal variance were not 

rejected (p>0.1). p ≤ 0.05 was considered significant.  

 

Results 

Control mice did not exhibit any significant changes in lung volume during the twenty day 

period of observation. Total lung volume, determined after vascular fixation with an inflation 

pressure kept at 12 cm water column, did not differ in control lungs at day 20 versus baseline 

values (Table 1). In controls, total post-fixation lung volume amounted to 428 ±26 mm³ at 

day 0 and 437 ±38 mm³ at day 20. The volume of the left lung was 157 ±27 mm³ at day 0, 

which corresponds to approximately 37% of total lung volume in control mice. Surgical 

resection of the left lung was followed by a rapid restoration of organ volume. With a post-

fixation right lung volume of 438 ±65 mm³, experimental mice had achieved complete 

restoration of total lung volume at day 20 after pneumonectomy (PNX). The volume of the 

residual right lung was increased by 31% at day 6 post-PNX and 56% at day 20 post-PNX 

compared to control right lungs.  



 

 

Using a fractionator design to estimate the Euler number ( x ) of the network of alveolar 

openings (Figure 2), a total of 1,165 ±145 · 10³ alveoli were estimated for both lungs, and a 

mean number of 471 ±162 · 10³ alveoli for the left lung in control mice (Table 2). Thus, left-

sided PNX removed 40% of the alveoli, which nicely corresponds to the volume fraction of 

37% the left lung.  

Compensatory lung growth following PNX resulted in a significant increase in the number of 

alveoli of the remaining right lung at day 20 in comparison with right lungs of control mice 

(Figure 3). Notably, the gain in alveoli seen in right lungs was 25% at day 6 post-PNX and 

33% at day 20 post-PNX compared to control right lungs. In terms of alveolar numbers, 

231 · 10³ or 49% of the alveoli removed by left-sided PNX were regenerated (Table 2). 

Notably, 172 · 10³ alveoli, i.e. 74% of the total number of newly formed alveoli present at 

day 20, were already formed by day 6 post-PNX. Despite the 100% restoration of lung 

volume at day 20 (Table 1), however, the total number of alveoli of the right lung 20 days 

after left-sided PNX achieved only 79% of the total alveolar number of both lungs in control 

mice.  

Discussion 

Compensatory lung growth following lung resection has been studied in detail in various 

mammalian species including mice [15, 16, 29, 30]. All in all these studies indicate that 

compensatory growth is quite similar across species although it may differ with age, gender, 

hormonal status, and the amount of lung tissue resected [4, 8]. The nature of alveolar septal 

growth, however, has been controversially discussed. Some studies reported that the addition 

of new septa and hence the formation of new alveoli in the residual lung, contributed to the 

reconstitution of a normal gas exchange area [31], whereas others concluded that 

compensatory growth was solely or at least predominantly achieved by growth of the existing 

alveoli in size [18, 32]. All these early studies were based on quantitative morphologic 



 

 

methods for alveolar counting that are fraught with bias as only single sections were used, 

assumptions about specific geometric shapes of alveoli were made, the samples studied were 

non-uniform, and/or the data were not corrected for shrinkage. Weibel and co-workers, who 

had developed one of these earlier method of alveolar counting based on assumptions as e.g. 

about the shape of alveoli [33], concluded that "this method has become obsolete with the 

introduction of the disector, a design-based counting method not requiring any assumption 

about the structure" [34]. 

As highlighted recently [23, 24], the estimation of the number of alveoli poses some 

methodologic problems: (i) alveoli are not discrete, separate particles but constitute a network 

of saccules opening into an alveolar duct, which precludes to unambiguously define an 

individual alveolus in a single histological section, and (ii) alveoli exhibit an extraordinary 

diversity in their geometric shape as demonstrated by three-dimensional acinar 

reconstructions [35, 36]. Novel approaches, based on the disector and the fractionator 

principles [21, 22], allow for the unbiased estimation of the number of alveoli under the 

microscope without the need for assumptions about alveolar shape, size, and orientation [23, 

24]. The only assumption made is that each alveolar opening "carries" one alveolus. 

Consequently, we used an approach based on systematic uniform random sampling using the 

fractionator sampling design in conjunction with a physical disector (a three-dimensional 

probe consisting of two sections a known distance apart) to estimate the Euler number of the 

alveolar openings and hence, the number of alveoli, in lungs of mice that underwent left-sided 

PNX in this study. The fractionator was chosen to avoid any bias introduced by tissue 

shrinkage during fixation and embedding. 

Using this design-based stereologic approach, we could demonstrate that in 12-14 week old 

C57BL/6 mice the number of alveoli significantly increased in the residual right lung by 

day 20 post-PNX, which clearly indicates that formation of new alveoli, i.e. 

neoalveolarization, had occurred. However, the number of new alveoli added to the residual 



 

 

lung compensated for only 49% of the alveoli lost with left lung resection, which is in 

contrast to the 100% regeneration of organ volume. We have previously demonstrated that in 

C57BL/6 mice restoration of normal lung volume is accompanied by the complete 

regeneration of alveolar gas exchange surface area (and total alveolar septal volume) as well 

as by an increase in the volume-weighted mean alveolar volume [15]. Hence, compensatory 

lung growth in this murine model is achieved by both addition of new alveoli and growth of 

already existing alveoli in size.  

Notably, 74% of the newly formed alveoli were already present by day 6 post-PNX, which 

suggests that formation of new alveoli is rapidly induced after lung resection. This is in line 

with several studies demonstrating that DNA synthesis and cell proliferation are induced 

rapidly after PNX in the major resident cell types necessary for generation of new alveolar 

septa [10-15], which is preceded by induction of several transcription factors involved in lung 

development and repair [29, 30]. As shown previously, continuous labelling of proliferating 

cells over 10 days with bromo-desoxyuridine (BrdU) revealed areas of BrdU-positive, 

thickened septa in subpleural lung regions [15], which is in line with findings of significantly 

higher proliferation rates in subpleural compared to central lung regions in immature as well 

as mature dogs undergoing PNX [37]. Cagle and co-workers demonstrated that proliferation, 

which was identified by means of autoradiography of injected tritiated thymidine, peaked at 

day 2 post-PNX in mesothelial cells whereas alveolar tissue proliferation peaked at day 4 

[12]. Taken together, these data suggest that formation of new alveoli primarily takes place in 

subpleural regions of the lung.  

Our finding that only 49% of the alveoli removed by PNX were regenerated by day 20 

whereas absolute volume of alveolar septal tissue and total alveolar surface area were 

completely restored [15] indicate that growth in size of already existing alveoli contributes 

equivalently to compensatory lung growth. This is in line with in situ hybridization data, 

which demonstrated tropoelastin and procollagen I mRNA expression to be uniformly 



 

 

distributed throughout the gas exchange area of rat lungs 3, 7 and 14 days after PNX [38]. 

Studies in young and adult dogs undergoing right lung PNX revealed that growth of alveolar 

septa is characterized by an initial disproportionate increase in interstitial cells and matrix by 

nearly 3.6-fold whereas epithelial and endothelial cells increase about 2-fold compared to 

control lungs [14, 39]. Later on, proportions of septal cells gradually normalized resulting in a 

final 2-fold increase in all compartments relative to age-matched control lungs, and a normal 

harmonic mean septal barrier thickness and improved lung diffusing capacity were achieved 

[9].  

Alveoli are arranged as lateral chambers along the most peripheral generations of the 

branched airway tree, which in the mouse are the alveolar ducts, thus forming an acinus. As 

was pointed out by Sapoval and co-workers [40], efficient gas exchange depends crucially on 

ensuring adequate oxygen supply to all capillary gas exchange units within the acinus, 

whether they be centrally located near the entrance or deep at the periphery of the acinus. As 

oxygen diffuses along the acinar airways, it is progressively extracted at the gas exchange 

surface along the longitudinal diffusion path resulting in a progressive decrease of the oxygen 

partial pressure, a process referred to as screening [40]. Addition of new alveoli at the lung 

periphery increases the fraction of gas exchange area exposed to low oxygen partial pressure. 

As central airways appear to adapt slowly and incompletely after PNX [41], enlargement of 

centrally located alveoli might be a mechanism to increase the fraction of gas exchange area 

exposed to high oxygen partial pressure and thus, to avoid the unfavourable effect of 

screening.  

Analysis of ventilatory function over a period of more than 30 years in 98 patients with PNX, 

performed at ages ranging from 2 to 40 years, suggests that compensatory lung growth may 

play a significant role in children of up to 5 years of age whereas functional adaptation 

appears to be of major importance in human adults undergoing PNX [42]. This is 

corroborated by a study in children of 1 month up to 11 years of age who underwent lung 



 

 

lobectomy due to pulmonary cystic disease [43]. Pulmonary function analysis performed over 

two post-operative years indicated that complete normalization of pulmonary function can be 

achieved in children of up to 4 years of age at the time of operation. 

A large body of evidence has been accumulated to support the notion that mechanical strain is 

the major signal to induce compensatory lung growth in young as well as mature individuals 

given that the signal is sufficiently strong, and that growth can be modulated by interfering 

with downstream pathways [4, 5, 8]. This is suggestive of intrinsic programs that regulate 

alveolar maintenance, septal growth, and neoalveolarization. The identification of the cellular 

and molecular mechanisms underlying such intrinsic programs are of direct clinical relevance, 

not just after PNX but also in other pulmonary diseases as e.g. pulmonary emphysema to 

induce regeneration of alveoli [6]. In the era of in vivo gene-manipulation, the mouse is the 

ideal species for the investigation of such regenerative programs of the lung. However, 

discovery of the molecular mechanisms actually relevant for neoalveolarization will depend 

on the unbiased identification of the formation of new alveoli. This straightaway depends on 

the implementation of design-based quantitative morphology to estimate alveolar numbers. 
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Table 1 � Post-fixation lung volumes 

 number of 
animals 

left lung 
[mm³] 

right lung  
[mm³] 

total lung  
[mm³] 

baseline, day 0  6 157 ± 27 272 ± 16 428 ± 26 

post-pneumonectomy, day 6  6 -- 357 ± 50 # 357 ± 50 # 

post-pneumonectomy, day 20  5 -- 438 ± 65 §$ 438 ± 65 

control, day 20 4 158 ± 30 280 ± 37 437 ± 38 

all controls 10 157 ± 27 275 ± 25 432 ± 30 

Post-fixation lung volumes of left and right lung of mice before (baseline) left-sided 

pneumonectomy (PNX), 6 and 20 days after PNX as well as in age-matched control mice at 

day 20. Values are given as mean ± standard deviation. Differences between groups were 

tested by one-way analysis of variance (ANOVA) if normality and equal variance were given 

at p>0.1; otherwise, Kruskal-Wallis one-way ANOVA on ranks was performed. Significance 

at p < 0.05 is indicated as follows:  § versus baseline; $ versus control, day 20; # versus all 

controls. 

 



 

 

 

Table 2 � Stereological estimates of alveolar numbers 

 number of 
animals 

left lung 
[10³] 

right lung  
[10³] 

total lung  
[10³] 

baseline, day 0  6 487 ± 098 643 ± 146 1,131 ± 055 

post-pneumonectomy, day 6  6 -- 866 ± 228 0866 ± 228 # 

post-pneumonectomy, day 20  5 -- 925 ± 150 §# 0925 ± 150 

control, day 20 4 447 ± 247 769 ± 164 1,216 ± 228 

all controls 10 471 ± 162 694 ± 157 1,165 ± 145 

Number of alveoli of left and right lung of mice before (baseline) left-sided pneumonectomy 

(PNX), 6 and 20 days after PNX as well as in age-matched control mice at day 20. Values are 

given as mean ± standard deviation. Differences between groups were tested by one-way 

analysis of variance (ANOVA) if normality and equal variance were given at p>0.1; 

otherwise, Kruskal-Wallis one-way ANOVA on ranks was performed. Significance at 

p < 0.05 is indicated as follows:  § versus baseline; # versus all controls. 

 



 

 

Figure Legends 

 

Figure 1 

Sampling scheme. A left mouse lung embedded into agar is cut into slices using a matrix with 

equidistant spacings of 3 mm (A). Thus, a collection of 6 lung slices surrounded by agar is 

obtained in this example (B). Each slice is then placed on an orientator clock or 

randomization of tissue orientation (C). The slice is rotated clockwise so that the original 

upper edge is parallel to the line identified by a random number (3 in is example) obtained 

from a random number table (D). Cuts, which are parallel to the horizontal axis, are made in 

the surrounding agar and the slab is transferred to the matrix again where each lung slice is 

sectioned into 3 mm thick bars vertical to this horizontal axis (E). A new random number is 

used to define the rotational angle for the first bar to be 90°, 180°, 270° of 360°, and the 

subsequent bars are systematically rotated around the longitudinal axis by increments of +90° 

(F). The paraffin-embedded bars are serially sectioned into 20 µm thick sections with one 

central pair of 5 µm thick ocean stained sections being used as a disector pair for counting of 

alveolar numbers (G). 



 

 

 

 

Figure 2 

Screen shot from the computer-assisted stereology toolbox (CAST-Grid 2.01, Olympus, 

Denmark). The two corresponding fields of view of a disector pair of orcein stained sections 

(section 1 and section 2) are automatically aligned by the system. In each field of view the 

sections are overlaid with an unbiased counting frame with an area of 24,635 µm², and only 



 

 

those counting events (bridges, circles; islands, squares) are noted that are within the frame or 

intersect the inclusion lines (top and right line), but do not intersect the exclusion lines (left 

and bottom line). All bridges are counted, i.e. all alveolar openings in one section (numbered 

1, 2, 3) that are closed in the corresponding section as indicated by circles in the 

corresponding frame. The asterisk indicates a bridge (bridge no. 4), which intersects an 

exclusion line and was therefore not counted. 

 

 

Figure 3 

Results of design-based stereologic estimation of the numbers of alveoli in right lungs as well 

as in both lungs of control mice and in residual right lungs of mice at day 6 and day 20 after 

left-sided pneumonectomy (post-PNX). Addition of new alveoli is clearly indicated by the 

significantly increased number of alveoli at day 20 post-PNX compared with control right 

lungs. However, alveolar numbers are not completely restored as the numbers are 



 

 

significantly lower in comparison with both control lungs. Values are given as mean ± SD. 

Significance was tested by one way analysis of variance with p<0.05 indicated by § versus 

control, both lungs, and # versus control, right lung. 

 

 


