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Objective: In experimental animals, pneumonectomy results in rapid, hyperplastic
compensatory growth of the remaining lung. The limits of this induced growth are
unknown. We tested the hypothesis that compensatory growth can be reinitiated in
the same lung after subsequent lung resection.

Methods: A left thoracotomy (Sham group) or left pneumonectomy (PNX group)
was performed in Sprague—Dawley rats. A third group underwent left pneumonec-
tomy followed 4 weeks later by a bilobectomy of the right upper and middle lobes
(PNX+LBX group). Four weeks after bilobectomy in the PNX+LBX group (8
weeks in the Sham and PNX groups), right ventricular pressures were measured by
using the open chest technique, and total lung weight and lower plus cardiac lobe
weight indices were measured. Lungs were inflation fixed at 25 cm H,O to measure
lobe volume index and to perform morphometric measurements on lung sections.
Right ventricle/left ventricle plus septum weight index was measured as another
index of pulmonary hypertension.

Results: Total lung weight index was similar in all groups. Pneumonectomy resulted
in increased lower plus cardiac lobe weight and volume indices, which were
significantly augmented in the PNX+LBX group. The PNX+LBX group under-
went a significant increase in total volume of respiratory region, airspace, and tissue
and a decrease in alveolar surface density versus the PNX group. The PNX+LBX
group also had significantly increased right ventricular systolic pressure and right
ventricle/left ventricle plus septum index.

Conclusion: These results demonstrate that compensatory growth can be reinitiated
in lungs that had previously undergone postpneumonectomy compensatory growth.
This subsequent growth, however, is more hypertrophic, and pulmonary hyperten-
sion develops despite subsequent compensatory growth.

neumonectomy (PNX) or lobectomy (LBX) is often the last resort for

treatment in patients who otherwise cannot be cured. These are the treatments

of choice for, among other pathologies, lung cancer and congenital lobar
emphysema. In the management of lung pathologies, such as cancer, the chance of
local recurrences after an initial lung resection have an incidence of 1% to 5% per
year,'? and repeat resection comes with a significant risk of death and complications
compared with the initial operation. After LBX in human adults, there is a perma-
nent loss of lung volume and function that might explain the increased risk of a
repeat operation.

In experimental animals the remaining lung undergoes rapid compensatory lung
growth (CLG) after PNX, which restores lung weight, volume, DNA, and protein to
control levels within 3 weeks.>® This CLG occurs to maintain the lung’s vital
function of providing O,/CO, exchange. In children CLG has been documented in
several clinical studies”!'!; however, CLG has not been documented in adult
patients. Our laboratory has demonstrated in rats that CLG occurs in the left lung
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Abbreviations and Acronyms
CLG = compensatory lung growth
LBX = lobectomy
PNX = pneumonectomy
RVSP = right ventricular systolic pressure

S, = alveolar surface density

TV,, = total volume of the respiratory airspace
TV, = total volume of respiratory tissue

TV, = total volume of the respiratory region

after right LBX, which is accompanied by increased vascu-
lar growth that is proportional to the amount of lung tissue
removed.'? In this study, however, the removal of more than
50% of total lung mass (right upper, middle, and lower
lobes) also resulted in vascular changes that lead to pulmo-
nary hypertension.

To our knowledge, there have been no animal model
studies into sequential lung resection to explore the poten-
tial of the lung to undergo more than 1 episode of compen-
satory growth. Our ultimate goal is to be able to manipulate
those mechanisms that regulate and induce CLG (alveolar-
ization) to benefit patients with end-stage lung disease or
injury or to induce healthy lung maturation in severely
premature infants. In the present study, our objectives are to
(1) use a model of sequential lung resection in the adult rat,
(2) describe the CLG process in this model, and (3) explore
the cardiopulmonary effects of sequential lung resection.

Materials and Methods

Animals

Adult male Sprague—Dawley rats weighing 300 to 350 g were used
for all experiments (Charles River, Wilmington, Mass). Facilities
for animal care are accredited by the American Association for
Accreditation of Laboratory Animal Care. All procedures and
protocols were approved by the Institutional Animal Care and Use
Committee at the University of Virginia Health System, Char-
lottesville, Virginia.

Surgical Procedure

The operative technique for left PNX was performed as previously
described.'*"? Surgical intervention was carried out under halo-
thane anesthesia administered through an endotracheal tube con-
nected to a small-animal ventilator (Kent Scientific, Torlington,
Conn). Animals in the PNX group (n = 9) underwent a left
posterolateral thoracotomy, and the left lung was freed from the
inferior pulmonary ligament. The lung was then delivered into the
surgical wound, the hilum was tied with a medium titanium clip
(HORIZON; Teleflex Medical, Research Triangle Park, NC), and
the lung was excised. The chest was closed with 3-0 nylon sutures,
and the skin was closed with surgical staples. Animals in the Sham
group (n = 8) underwent a similar procedure, except the hilum was
not tied and the lung was not removed. Animals in the PNX+LBX
group (n = 6) underwent a left PNX procedure followed by 4

weeks of recovery, after which a right bilobectomy operation was
performed followed by another 4 weeks of recovery. For the right
bilobectomy operation, the animals underwent a right posterolat-
eral thoracotomy, and the upper and middle lobes were ligated
with a ligating titanium clip and excised. The chest was closed
with 3-0 nylon sutures, and the skin was closed with surgical
staples. Animals were allowed to recover from anesthesia and
received postoperative analgesia in the form of buprenorphine
hydrochloride (0.03 mg/kg administered subcutaneously). All an-
imals were allowed to feed ad libitum and were maintained in a
controlled environment of normal temperature, humidity, and light
cycle.

Lung Harvest and Measurement of Weight and
Volume Indices

Four weeks after bilobectomy in the PNX+LBX group (8 weeks
after PNX or sham operations), all groups of rats were anesthetized
with a combination of ketamine and xylazine injected intraperito-
neally, weighed, and intubated through a tracheotomy, and expo-
sure of the organs was obtained by using a bilateral anterior
sternothoracotomy. The animals were rapidly exsanguinated by
means of renal vein division, and the right lung (or left and right
lungs in the Sham group) was removed, blotted dry, and weighed.
The upper and middle lobes were then ligated and carefully dis-
sected out, and the lower plus cardiac lobe weight was obtained.
Lower and cardiac lobes received intratracheal instillation of 4%
paraformaldehyde to a pressure of 25 cm H,O to obtain lower plus
cardiac lobe volumes. The trachea was then tied under pressure,
and the total lung volume was obtained by means of volume
displacement, as described by Scherle.'* Lung volumes (in milli-
liters) and weights (in grams) were expressed as a ratio to the final
body weights of the animals (in grams) to obtain the volume and
weight indices.

Lung Morphometry

Lung morphometry was performed by using a 3-level sampling
technique'>'® and point-counting technique,'” as previously de-
scribed by our laboratory."®'® A 42-point test reticule (lattice with
85-um grid lines) attached to a Nikon Eclipse E400 microscope
was used. This technique involved 3 levels of study performed on
hematoxylin and eosin—stained slides (5 random fields per animal).
The first level of analysis, which is usually performed under gross
inspection, was not performed because of the small size of the rat
lung and the lack of accurate differentiation at the gross level.

The second level of analysis was performed at 40X magnifi-
cation. The number of lattice points that fell on intra-acinar air
space and their intervening tissue was counted and designated as
P,. Nonrespiratory regions, which included extra-acinar airways
and vessels larger than 0.5 mm in diameter, were ignored. The
volume density of the respiratory region (V,,) was calculated by
using the equation V,,. = P,/42 X 100, which represents the
percentage of lung comprised of respiratory (alveolar) tissue and
airspace.

The third level of analysis was performed under 200X magni-
fication. The number of lattice points that overlap the respiratory
airspaces was designated as P,,. The volume density of the respi-
ratory airspace (V,,) was then calculated by using the following
equation: V,, = P, /42 X 100. In addition, the number of lattice

r
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points that fell in the respiratory tissue was counted and designated
as P,,. The volume density of respiratory tissue (V,,) was then
calculated by using the following equation: V,, = P, /42 X 100.
These values represent the percentage of the lung that is comprised
of respiratory alveolar airspace (V,,) and tissue (V,,), respectively.

Alveolar surface density (S,), which expresses the alveolar
surface area per unit volume, was determined by using the equa-
tion S, = 2/d X (I/P,), where d is defined as the length of the
lattice grid line (85 wm), / is the number of lattice test lines that
intercepted the airspace—epithelial interfaces, and P, is defined as
the total number of lattice test points on the lung parenchyma (42).
The total volume of the respiratory region (7V,,) was calculated as
TV, =V, XV, where V,is defined as the total lung volume. 7V,
is a measure of the total volume of alveoli and intervening gas
exchange tissue. The total volume of the respiratory airspace
(TV,,) was calculated as TV,, = V. X V,_, X V,. This is a measure
of alveolar airspace volume in the lung. Total volume of respira-
tory tissue (7V,,) was calculated as TV,, = V,. X V,, X V,. This is

a measure of alveolar tissue volume in the lung.

Right Ventricular Hypertrophy and Systolic Pressure
Right ventricular systolic pressures (RVSPs) were measured im-
mediately before death, as previously described.?® Briefly, the rats
were anesthetized with ketamine and xylazine and placed in a
supine position. The transducer was calibrated before study, and
RVSP was measured by means of direct intracardiac puncture with
a 21-gauge needle. At death, hearts were removed and dissected to
isolate the free wall of the right ventricle from the left ventricle and
septum. The ratio of right ventricular weight to left ventricular plus
septal weight was used as an index of right ventricular hypertro-
phy, which develops as a result of pulmonary hypertension.

Statistical Analysis

Data are presented as the mean * standard error of the mean.
Statistical analysis was performed with the SPSS 14.0 for Win-
dows software program (Apache Software Foundation, Forest Hill,
Md). Comparisons were made with 1-way analysis of variance and
the post-hoc Bonferroni test.

Results

Total Lung Weight and Lower Plus Cardiac Lobe
Weight Indices

The total lung weights and the lower plus cardiac lobe
weights were measured in the PNX+LBX group at 4 weeks
after bilobectomy (8 weeks after PNX or sham operations).
Total lung weight index (left plus right lungs in the Sham
group, right lung in the PNX group, and lower plus cardiac
lobes in the PNX+LBS group) was similar in all groups
(Figure 1, A), which is indicative of compensatory growth
after PNX or PNX+LBX to equal the left plus right lungs
in the Sham group. When only lower plus cardiac lobe
weight indices were compared, the PNX group had a sig-
nificantly higher lower plus cardiac lobe weight index com-
pared with the Sham group (1.91 = 0.06 vs 1.40 = 0.07,
P < .05). In addition, the lower plus cardiac lobe weight
index for the PNX+LBX group (3.63 £ 0.28) was signif-

Total Lung Weight Index
( mg/g)

Sham PNX PNX+LBX

(mg/g)
*

Lower+cardiac Lobe Weight Index

Sham PNX PNX+LBX

Figure 1. A, Total lung weight index (left plus right lungs in the
Sham group, right lung in the pneumonectomy [PNX] group, and
lower plus cardiac lobes in the pneumonectomy plus lobectomy
[PNX+LBS] group) was similar in all groups. B, Lower plus
cardiac lobe weight index was significantly increased in the PNX
group versus that in the Sham group (*P < .0001). In addition,
lower plus cardiac lobe weight index of the PNX+LBX group was
significantly higher than that of the PNX group (#P < .0001).

icantly increased above that in the PNX group (P < .0001;
Figure 1, B).

Lower Plus Cardiac Lobe Volume Index

The lower plus cardiac lobe volume indices were measured
4 weeks after bilobectomy in the PNX+LBX group (8
weeks after PNX or sham operations). The PNX group
showed a significant increase in lower plus cardiac lobe
volume index versus that seen in the Sham group (22.52 *
0.77 vs 16.40 = 0.44, P < .0001, Figure 2). The lower plus
cardiac lobe volume index in the PNX+LBX group (31.70
* 0.71) was further significantly increased versus that seen
in the PNX group (P < .0001, Figure 2).

Right Ventricular Hypertrophy and Systolic Pressure

There was no change in right ventricular hypertrophy or
RVSP after PNX alone (Figure 3). Subsequent resection of
the upper and middle lobes (PNX+LBX group) resulted in
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Figure 2. Changes in lower plus cardiac lobe volume index.
Lower plus cardiac lobe volume index was significantly in-
creased in the pneumonectomy (PNX) group versus the Sham
group (*P < .05). In addition, lower plus cardiac lobe volume
index for the pneumonectomy plus lobectomy (PNX+LBX) group
was significantly higher than that in the PNX group (#P < .0001).

significant pulmonary hypertension, as shown by a signifi-
cant increase of RVSP (P = .01; Figure 3, A), as well as a
significant increase in right ventricular hypertrophy (Figure
3, B).

Lung Histology and Morphometry

Gross histologic evaluation of lung sections showed that
lung architecture appeared normal in all the groups (Figure
4), with no signs of edema, cellular infiltration, or thicken-
ing of alveolar septa. Detailed morphometric analysis was
used to measure the S, TV,,, TV,,, and TV,, values in the
lower lobes of each group (these values were also similar
for the cardiac lobes, data not shown). These results are
shown in Table 1. At 8 weeks, S, was significantly less in
the PNX group (P < .001) and was even further reduced
significantly in the PNX+LBX group (P < .05). The PNX
group had significantly higher 7V,, and 7V,, values when
compared with the Sham group (P < .001), and both TV,
and TV,, values were significantly augmented in the
PNX+LBX group when compared with the PNX group (P
< .0001). The PNX group had higher 7V,, values than the
Sham group, which did not reach statistical significance;
however, values in the PNX+LBX group were significantly

higher than those in the Sham group (P < .05).

Discussion

The treatment of lung disease at times requires PNX, LBX,
or both, resulting in compensatory growth of the remaining
lung in infants and young children.®'" In experimental
animals compensatory growth of a mature lung occurs after
PNX, resulting in restoration of lung volume, mass, and
function in the remaining lung. In addition, restoration of
whole lung levels of protein, RNA, DNA, collagen, and
elastin, along with essentially normal lung cell populations,
also occurs.*?!?> Although there is no dispute that the
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Figure 3. Pulmonary hypertension is induced after pneumonec-
tomy plus lobectomy (PNX+ LBX) operations. A, Right ventricular
systolic pressure (RVSP) was significantly increased in the
PNX+LBX group versus the pneumonectomy (PNX) and Sham
groups (*P = .01). B, Ratios of right ventricle to left ventricle plus
septum weights (RV/LV+S), an assessment of right ventricular
hypertrophy, were compared between groups. RV/LV+S was sig-
nificantly increased in the PNX+LBX group compared with that
seen in the PNX and Sham groups (#P < .0001).

remaining tissue undergoes compensatory growth after
PNX, the nature and extent of this growth are not fully
understood. Understanding the controlling factors and dy-
namics of CLG could permit the minimization of the
stresses experienced by the remaining lung and lead to
methods to shorten the time required for new tissue growth.

In this study we evaluated the growth response in lungs
4 weeks after PNX+LBX and compared these with lungs 8
weeks after PNX or sham operations. The period of 4 weeks
after each operation was chosen to be a time in which lung
growth and healing will have occurred in completion be-
cause it has been shown that post-PNX lung growth reaches
a plateau between 10 and 21 days. In the present study total
lung weight remained unchanged between the groups after
the operations (Figure 1, A), and when lower plus cardiac
lobe weights and volumes were examined, it was evident
that compensatory growth occurred in both the PNX and
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Figure 4. Lung histologic analysis.
Lung sections were stained with he-
matoxylin and eosin. (Original magni-
fication 200x.) Gross lung histology
appears normal among all groups, with
no signs of edema, cellular infiltration,
or thickening of septa. PNX, Pneumo-
nectomy; PNX+LBX, pneumonectomy
plus lobectomy.

PNX+LBX groups. Most interesting, a significant augmen-
tation in the lower plus cardiac lobe weight and volume
indices was observed in the PNX+LBX group when com-
pared with the PNX group (Figures 1, B, and 2), indicating
that CLG was reinitiated after the second bilobectomy
operation.

CLG was also evident after morphometric analysis,
which revealed that PNX increases TV,,, TV,,, and TV
values after PNX (Table 1), confirming previous results.'®1?
Interestingly, a further significant augmentation in these
indices was observed in the PNX+LBX group compared
with that seen in the PNX group. The S, value, however,
was significantly reduced after PNX and further reduced
after PNX+LBX. A decrease in S,, value is likely a result of
larger alveoli, which can be explained by alveolar hyper-
trophy in these groups. This alveolar hypertrophy is not
obvious on the basis of lung histology (Figure 4), which
appears normal in all groups and requires morphometric
analysis to detect. A significant decrease in S,, value was not
observed in previous studies after PNX,'®23 which was
probably due to the 3-week post-PNX period in these stud-
ies as opposed to the 8-week post-PNX period in the current
study. These extra 5 weeks likely entailed further normal
lung growth and expansion, leading to decreased S, values.
We have previously shown that PNX enhances lung weight
and volume by means of alveolar hyperplasia,'*'®** and we
can postulate that both alveolar hyperplasia and hypertrophy

occur in the PNX+LBX group, resulting in increased TV,
and decreased S, values. This finding of increased TV, and
TV,, values combined with increased TV, values and lower
plus cardiac lobe volumes indicates that CLG after subse-
quent lung resection appears to be very dynamic, entailing
both alveolar hypertrophy and hyperplasia, perhaps with
hypertrophy being a more significant component than after
PNX alone.

In the present study there was a significant increase in
RVSP and right ventricular hypertrophy after PNX plus
LBX when compared with that seen in the Sham and PNX
groups, indicating that pulmonary hypertension developed.
This finding is consistent with our previous study in which
the removal of 3 right lobes (approximately 53% of total
lung mass) resulted in CLG of the left lung but accompanied
by pulmonary hypertension.'> The left lung represents ap-
proximately 37% of the total lung mass in the rat, and the
right upper and middle lobes account for approximately
24%. Our findings suggest that the bilobectomy performed
4 weeks after left PNX (which represents approximately
61% of the original total lung mass resected) was significant
enough to cause pulmonary hypertension, despite the com-
pensatory growth after each operation.

In summary, bilobectomy after PNX reinitiated a CLG
response in the remaining lung of adult rats. In contrast to
PNX alone, this growth involved a greater hypertrophic
response, and pulmonary hypertension developed despite

Table 1. Morphometric analysis of the Sham, PNX, and PNX+LBX groups

S, (cm¥cm?) TV,, (mL) TV,, (mL) TV, (mL)
Sham group 173.20 = 9.97 7.36 = 0.36 5.27 £ 0.32 1.79 = 0.12
PNX group 139.08 = 6.971 10.69 = 0.20t 8.16 = 0.35T 2.30 = 0.23
PNX+LBX group 11913 = 7.72% 15.13 + 0.84% 12.25 = 0.72¢ 2.54 * 0.20*

Values are presented as means = standard error of the mean. PNX, Pneumonectomy; PNX+LBX, pneumonectomy plus lobectomy; S,, alveolar surface
density; TV,,, total volume of respiratory region; TV,,, total volume of respiratory airspace; TV, total volume of respiratory tissue. *P < .05 versus the Sham
group; TP < .001 versus the Sham group; ¥P < .0001 versus the PNX and Sham groups.
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subsequent CLG. It is likely that pulmonary hypertension
resulted from the amount of lung parenchyma removed in
the PNX+LBX group rather than the compensatory growth.
To our knowledge, this is the first time that a model of
sequential lung resection has been used to study the mod-
ulation of post-PNX CLG. Our study provides novel infor-
mation regarding the potential for compensatory growth
after a second lung resection. A better understanding of the
various modulators of lung growth has enormous clinical
application because scenarios such as reduced-size lung
transplantation and pulmonary insufficiency can benefit
from the modulation and induction of lung growth.
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