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Alveolar epithelial surface area-volume
relationship in isolated rat lungs

DANIEL J. TSCHUMPERLIN AND SUSAN S. MARGULIES
Department of Bioengineering, University of Pennsylvania, Philadelphia, Pennsylvania 19104

Tschumperlin, Daniel J., and Susan S. Margulies.
Alveolar epithelial surface area-volume relationship in iso-
lated rat lungs. J. Appl. Physiol. 86(6): 2026–2033, 1999.—In
vitro studies of the alveolar epithelial response to deforma-
tion require knowledge of the in situ mechanical environment
of these cells. Because of the presence of tissue folding and
crumpling, previous measurements of the alveolar surface
area available for gas exchange are not equivalent to the
epithelial surface area. To identify epithelial deformations in
uniformly inflated lungs representative of the in vivo condi-
tion, we studied isolated Sprague-Dawley rat lungs (n 5 31)
fixed by perfusion with glutaraldehyde on deflation after
cycling three times at high lung volume (10–25 cmH2O). The
epithelial basement membrane in 45 electron micrographs
(312,000)/rat was traced, digitally scanned, and analyzed.
Epithelial basement membrane surface area (EBMSA) was
computed from a morphometric relationship. EBMSA was
found to increase 5, 16, 12, and 40% relative to EBMSA at
24% total lung capacity at lung volumes of 42, 60, 82, and
100% total lung capacity, respectively. The increases in
EBMSA suggest that epithelial cells undergo significant
deformations with large inflations and that alveolar base-
ment membrane deformation may contribute to lung recoil at
high lung pressures.

lung mechanics; lung anatomy; cell strain; pulmonary; respi-
ratory

PREVIOUS INVESTIGATIONS have demonstrated a variety
of deformation-induced responses of the intact lung (3,
7, 10, 17, 29). Alveolar epithelial cells, which line the
gas-exchange surface of the lung, are believed to play
an important role in the transduction of physical
stimuli associated with inflation. Specifically, in vitro
investigations have demonstrated that mature and
fetal alveolar epithelial cells respond to deformation
with increased cellular proliferation (9, 19), prostacy-
clin production (20), surfactant secretion (28), and
surfactant-related phospholipid synthesis (19). These
studies established the importance of the biomechani-
cal environment in modulating alveolar epithelial physi-
ology. However, little is known about the relationship
between local cellular deformations and overall changes
in lung volume. This relationship must be identified to
relate changes in cellular function during in vitro
deformation to those that would be expected for respira-
tory maneuvers such as spontaneous breathing, yawn-
ing, fetal breathing movements, and mechanical venti-
lation.

Studies incorporating morphometric stereology with
light and electron microscopy have been instrumental
in identifying changes in lung microstructure with
inflation and deflation (2, 5, 6, 13). Using light micros-
copy (3400), Gil et al. (5) observed that pleating of the
alveolar surface varied with lung fixation volume.
Consequently, estimates of alveolar surface area (sur-
face available for gas exchange), such as those obtained
by Gil et al. and Mercer et al. (13), are not analogous to
estimates of epithelial surface area. Later, Bachofen et
al. (2) examined lungs fixed on inflation from collapse,
deflation, and reinflation by using electron microscopy
(310,000) to study the changes in both the alveolar
surface area and the alveolar epithelial basement
membrane surface area (EBMSA) with lung volume.
They found that the degree of unfolding and stretching
of the epithelium depended strongly on the lung volume
history before fixation. More recently, Oldmixon and
Hoppin (15) confirmed that alveolar septal folding is
heavily dependent on the volume history of fixed lungs
and suggested that septal folds form at low transpulmo-
nary pressure (Ptp; ,3 cmH2O) during experimental
procedures and may not be present in vivo. Because the
focus of the study by Bachofen et al. was on the first
inflation-deflation cycle of collapsed lungs (Ptp ,1
cmH2O), it is difficult to extrapolate their data to
estimate an in vivo relationship between alveolar epi-
thelial surface area and lung volume.

Therefore, the purpose of this study was to define the
quasi-static relationship between EBMSA and Ptp, and
EBMSA and volume by using isolated rat lungs fixed on
deflation from total lung capacity (TLC) after cycling
the lungs three times between TLC and 8–10 cmH2O.
Our results indicate that changes in EBMSA are rela-
tively small at low lung volumes, but, at higher lung
volumes, lung inflation is accompanied by stretching of
septal tissue, resulting in large changes (,40%) in the
alveolar EBMSA near the limits of inflation.

METHODS

Lung preparation. The experimental protocol was ap-
proved by the University of Pennsylvania Institutional Ani-
mal Care and Use Committee. Thirty-one female Sprague-
Dawley rats (175–225 g, Charles River) were anesthetized
with pentobarbital sodium (50 mg/kg, Nembutal, Abbott) and
heparinized (2,000 U/kg). After tracheotomy, a size-18 can-
nula was inserted in the trachea, and rats were ventilated
with room air at 60 breaths/min, 3-ml tidal volume, and 4
cmH2O positive end-expiratory pressure. The chest was
opened, and the inspiratory capacity (IC) of each rat, defined
as the lung volume between 4 [functional residual capacity
(FRC)] and 25 cmH2O (TLC), was obtained by using a
calibrated glass syringe and pressure transducer (P23ID,
Gould). For lungs to be fixed at volumes other than TLC or
FRC, the pressure corresponding to the volume of interest
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was identified. Volumes studied included TLC, FRC, and
FRC 1 1/3 IC, 1 2/3 IC, and 21/3 IC. The pulmonary artery
was cannulated, and the left atrium and ventricle were
punctured to allow passive release of perfusate. Lungs were
perfused with 3% dextran T70 in a buffered salt solution (pH
7.4, 280 mosM) until all blood was cleared.

Lung isolation and fixation. Lungs were excised and sus-
pended from a force transducer to detect and eliminate
edematous lungs. Ptp was maintained by venting a constant-
flow air source through an adjustable column of water. After
cycling three times between TLC and 8–10 cmH2O to provide
a uniform inflation history and minimize septal pleating,
lungs were deflated to the pressure corresponding to the lung
volume of interest. Perfusion fixation with 2.5% glutaralde-
hyde (pH 7.4, 500 mosM, with 3% dextran T70, in 0.15 M
cacodylate buffer) was begun, with arterial pressure (Ppa)
maintained ,12 mmHg above alveolar pressure (PA) with a
peristaltic pump to produce zone 2 conditions in the lung.
After 30 min, perfusion of fixative was discontinued and the
volume of the excised tissue (heart, lungs, trachea) was
determined by volumetry (18). After the trachea and heart
were separated from the lungs, the combined tracheal and
heart volume was obtained, and the total lung volume (Vtot)
was measured by subtracting the volume of the heart and
trachea from the volume of the excised tissue. Air volume
(Vair) of the lungs was computed by subtracting the tissue
volume (Vti), which was computed from the weight of the
lungs, assuming a density of 1 g/ml (Vair 5 Vtot 2 Vti).

Tissue sampling. The left lung of each animal was cut into
equal thirds and fixed overnight in glutaraldehyde. A thin
transverse section of each one-third was cut, and 10 blocks
(,3 3 1 3 1 mm) were obtained from each section in the
dorsal area of the lung, posterior to the major bronchi and
blood vessels. Tissue blocks were refrigerated in 0.15 M
cacodylate (pH 7.4, 290 mosM). Seven blocks from each third
were selected randomly and processed for electron micros-
copy. Processing included postfixation with 1% OsO4, 0.8%
FeCN, and 1% uranyl acetate and ended with tissue embed-
ded in Epon. Two transverse slices from each region of four
lungs at TLC and FRC were embedded in paraffin for light
microscopic determination of the volume fraction of large
airways and vessels.

Electron microscopy. Thin slices (1 µm) of the Epon-
embedded tissue were cut and stained with toluidine blue for
light microscopy. After a two-level sampling approach (24),
tissue was examined at the light microscopy level to prevent
morphometric sampling of large airways and vessels. The
computation of EBMSA took this into account by multiplying
surface density by the parenchymal lung volume, which
excludes the volume of large airways and vessels (see Eq. 2).
One ultrathin section (70 nm) from each third of each lung
was mounted on a 400-mesh copper grid and examined in the
electron microscope. Micrographs were obtained by using the
systemic quadrant method, where the field location to be
photographed was fixed within the grid square (2). The first

field was randomly selected, and subsequent fields were
systematically evaluated in every other grid square in every
other row. The evaluation of every second grid square in every
second row was used to ensure a distribution of micrographs
over the sample. If no tissue was present in a field, no picture
was taken, but the number of empty fields (air space) was
recorded. This information was used in the surface density
calculation (see Eq. 1), where the summed length of contour
lines was divided by the total area examined, including blank
fields that were not photographed. A total of 15 fields from
each sample that contained tissue was photographed at
34,000 magnification. Negatives were photographically en-
larged and printed at a final magnification of 312,000, for an
approximate field size of 330 µm2. A total of 45 pictures from
each animal was printed, 15 each from the upper, middle, and
lower third of each lung.

Data analysis. The epithelial basement membrane in each
print was traced on transparency film, digitally scanned, and
analyzed to obtain epithelial contour length (NIH Image).
Contour length data from all the micrographs were entered in
a database and summed for each animal. The total length L
(sum of contours) was divided by the total area analyzed A
(printed and empty fields). This length per unit area was
transformed into surface density (S/V), using the morphomet-
ric relationship (25)

S/V 5
p

4
p

L

A
(1)

The total EBMSA was calculated by multiplying S/V by the
parenchymal lung volume. Parenchymal volume was defined
as the total lung volume (Vtot) minus the volume composed of
large airways and vessels. The volume fraction of large
airways and vessels (Xnp) at FRC and TLC was determined by
point counting of the paraffin-embedded sections by using
light microscopy (3100 magnification). Parenchymal volume
was normalized across animals by TLC. The overall relation-
ship between EBMSA and surface density is

EBMSA 5 Vtot(1 2 Xnp) 1TLCavg

TLC 2 (S/V) (2)

where TLCavg is TLC across animals average.

RESULTS

The physiological and morphometric results for each
lung volume studied are summarized in Tables 1 and 2,
respectively. In general, the fixed lungs exhibited the
expected nonlinear pressure (Ptp)-volume (Vair) rela-
tionship (Fig. 1) and confirmed that lungs were studied
over their entire vital capacity. The measured IC and
TLC are in close agreement with previous measure-
ments in rats (13, 22).

Table 1. Physiological measurements

%TLC n Body Wt, g Ptp, cmH2O Pa, cmH2O Vtot, ml Vair, ml IC, ml TLC, ml

10060 7 20365 25.060.0 37.261.0 12.960.9 11.560.8 7.060.3 11.560.8
8260 6 20763 8.860.4 21.261.3 11.360.3 10.060.3 6.660.2 12.260.3
6062 6 20067 5.560.4 16.561.6 8.260.8 7.060.8 6.760.4 11.461.0
4262 6 20668 3.860.2 15.761.1 6.360.6 5.260.6 6.960.3 12.260.8
2462 6 20667 2.060.2 14.361.1 4.060.5 3.060.5 6.860.4 12.060.9

Values are means 6 SE. n, No. of lungs; TLC, total lung capacity; Ptp, transpulmonary pressure; Pa, perfusion pressure at the pulmonary
artery; Vtot, total lung volume; Vair, lung air volume; IC, inspiratory capacity.
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Tissue examined at the light microscopy level (Fig. 2)
appeared nearly identical to that described previously
(5), with bulging capillaries and surface irregularities
at low volumes, gradually changing to smooth surfaces
and thin, flattened capillaries at elevated lung vol-
umes.

Previous studies have estimated Xnp by using a
variety of methods, ranging from assuming that the
airways and vessels compose a static volume (hence an
increasing volume fraction of the lung on deflation) (6)
to assuming the airways and vessels compose a nearly
constant fraction of the lung, changing dimensions in
harmony with the surrounding lung tissue (5). We
carried out a limited investigation of this issue by
examining six hematoxylin- and eosin-stained trans-
verse lung sections from each of four lungs at 42 and
100% TLC. We found that Xnp was indistinguishable
(Student’s t-test) between 42 and 100% TLC (Table 2).
Gil et al. (5) examined lung tissue fixed at four volumes
between 40 and 100% TLC, estimating the parenchy-
mal volume by using air volume measured with a

spirometer and air space fraction found by point count-
ing in the sampled tissue. For comparison with the
present study, we computed the volume fraction of
parenchyma (Xp 5 1 2 Xnp) from their data by dividing
estimated parenchymal volume by measured organ
volume, which yields Xp in the range of 0.86–0.89, with
no clear relationship to lung volume. This range is
comparable to our finding of Xp equal to 0.87, which we
subsequently used as the parenchymal volume fraction
at each lung volume (Eq. 2).

EBMSA was calculated by using Eq. 2. No regional
differences were found when results for the upper,
middle, and lower one-third of lungs were compared, so
data from 45 prints were summed for each animal to
compute surface density. A regression curve fit to the
means of the EBMSA and lung volume data shows that
this relationship was well represented (r2 5 0.85) by a
second-order polynomial (Fig. 3A). EBMSA decreased
most rapidly at high lung volumes. This trait is similar
to the rapid drop in pressure from TLC to 82% TLC, so
that a linear regression fit to the mean EBMSA and Ptp
data (Fig. 3B) provides excellent agreement (r2 5 0.93).
Below 82% TLC, EBMSAis relatively constant, suggest-
ing that further reductions in air volume occur primar-
ily by crumpling of septal tissue, or reductions in
alveolar duct volume. Overall, EBMSA is found to vary
significantly with both lung volume (%TLC, P , 0.005)
and Ptp (P , 0.005), when examined by one-way
ANOVA by using the statistical package JMP (SAS
Institute). Only lung volumes of 24 and 100% TLC
differed significantly (P , 0.05), using the Tukey-
Kramer honestly significant difference test for multiple
comparisons. The variability in EBMSA data is prob-
ably due to both biological and technical variability
inherent in animal studies and the limited number of
randomly sampled micrographs examined, which repre-
sent only a small fraction of the overall lung volume.

DISCUSSION

Meaningful studies on the response of the alveolar
epithelium to deformation require a knowledge of the
mechanical environment of the cells in situ. The alveo-
lar surface of the lung may increase by balloon-like
stretching, accompanied by epithelial deformation, pa-
per bag-like unfolding with no cellular deformation, or
a combination of both mechanisms (2).Although changes
in alveolar surface area with lung volume are relatively
well studied (2, 5, 6, 13), cellular deformations with
inflation are unknown. The lack of a definitive under-
standing of the importance of stretching and unfolding
in lung volume changes prevents calculation of cellular
deformations from previous measurements of changes
in alveolar surface area and creates the need for a
direct measurement of changes in epithelial surface
area with lung volume.

The presently accepted method for examining changes
in lung microstructure is morphometry of chemically
fixed tissue at either the light- or electron-microscopic
level. Although this method provides only an average
epithelial deformation, it is the only imaging method

Table 2. Morphometric measurements

%TLC
S/V,
cm21

EBMSA,
cm2 %DEBMSA24 %DEBMSA42 12Xnp

10060 262623 3,1076289 40 34 0.8760.008
8260 256616 2,4996159 12 8
6062 341623 2,5786169 16 11
4262 432636 2,3256139 5 0 0.8760.004
2462 649649 2,2226110 0

Values are means 6 SE. S/V, epithelial basement membrane
surface-to-volume ratio; EBMSA, epithelial basement membrane
surface area; %DEBMSA24 and %DEBMSA42, percent increase in
EBMSA relative to EMBSA measured at lung volumes of 24 and 42%
TLC, respectively; Xnp, volume fraction of nonparenchymal tissue.

Fig. 1. Pressure-volume relationship for fixed lungs. Values are
means 6 SE. See Table 1 for n in each group. Pressure was
determined with a transducer before fixation. Air volume was deter-
mined at conclusion of fixation by method of Scherle (18) and was
normalized by average total lung capacity (TLCavg) across animals.
Ptp, transpulmonary pressure; Vair, air volume of lung.
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with sufficient resolution to study changes in surface
area at the cellular level.

We therefore measured EBMSA in electron micro-
graphs from isolated rat lungs fixed over a range of lung
volumes. Our findings support the general hypothesis
that, at low lung volumes, inflation of the lung can be
accomplished without large changes in EBMSA, due to
either unfolding of the alveolar epithelial surface or
expansion of the alveolar ducts in the absence of
alveolar inflation (Fig. 4). At high lung volumes, our
findings indicate that significant changes in EBMSA
occur, suggesting that the epithelial basement mem-
brane and attached cells deform as the lung approaches
physiological limits.

Changes in epithelial surface area with lung volume
have been measured only once previously, by Bachofen
et al. (2). Their fixation protocol differs from that in the
present study in two critical respects. First, because of
the toxicity of OsO4, we chose to fix lungs by vascular
perfusion with glutaraldehyde, then postfix with OsO4
after cutting tissue into small blocks for embedding.
Although this method provides optimal tissue preserva-
tion (1), the potential hazards associated with its use
include retraction of fixed lungs on removal of inflation
pressure and parenchymal distortion during tissue
preparation. In a previous investigation using an iden-
tical fixation protocol, partial lung collapse was encoun-

tered on release of Ptp in rabbit lungs (1). To evaluate
loss of lung volume at the termination of fixation, we
glued two small paper markers to the pleural surface of
three isolated lungs (,2–3 cm separating markers)
during perfusion fixation at TLC. Care was taken to
position the markers along a relatively planar portion
of the lung surface. The linear distance between mark-
ers was measured with precision calipers (0.05-mm
resolution) after 30 min of fixation just before and
immediately after removal of the lungs from the con-
stant-pressure source. No discernible change in marker
separation was found in two of the experiments (,0.05
mm), and only a 2% change in linear dimension was
found in a third, which is equivalent to an ,8% volume
change. In general, we did not observe any collapse in
rat lungs when inflation pressure was removed after 30
min of fixation, except for occasional regional collapse
due to nonuniform perfusion, which resulted in the
lungs being discarded without further study. The more
complete fixation of rat lungs in this communication,
compared with previous fixation of rabbit lungs (1) by
using an identical fixation protocol, may be due to the
smaller size of rat lungs (TLC ,12 ml in the rat vs.
,120 ml in the rabbit), which would allow for more
uniform perfusion distribution throughout the lung,
and therefore more uniform and complete fixation, or
alternatively, may be due to species differences in the

Fig. 2. Light micrographs of rat lungs
fixed at each lung volume [%total lung
capacity (TLC)] studied.

2029EPITHELIAL DEFORMATION IN THE RAT LUNG

 on M
ay 6, 2010 

jap.physiology.org
D

ow
nloaded from

 

http://jap.physiology.org


extracellular matrix, as discussed in detail below
(12, 16).

Although there was little or no lung retraction on
release of inflation pressure, it is possible that incom-
plete fixation could result in parenchymal distortions
during tissue preparation. On cutting of the lungs,
tissue was characterized as spongy, compressible, and
able to deform, but it appeared to recover its original
shape when unloaded and immersed in buffer. This has
been described previously by Weibel (24) for glutaralde-
hyde-fixed lungs.

Because of the use of osmium as a postfixative, our
protocol did not allow for in situ stiffening of elastin by
ethanol dehydration. If not dehydrated, elastin can
contract on the release of tension during tissue cutting

(16). Contraction of fixed tissue could lead to errone-
ously high surface densities and an overestimation of
epithelial surface area as shown in Fig. 3 (2). However,
fractional changes in EBMSA (Fig. 5) would be unaf-
fected by a systematic shrinkage error. We examined all
lungs under light microscopy (Fig. 2) and found that,

Fig. 3. Relationship between epithelial basement membrane surface
area (EBMSA) and lung volume (A) and transpulmonary pressure
(B), with best fit of means for each. Values are means 6 SE. EBMSA
was computed according to Eq. 2, with surface area normalized by
TLC.

Fig. 4. Sample electron micrograph demonstrating folding (arrow) of
tissue separating alveolar (alv) and capillary (cap) compartments at
low lung volume. Septal folding would allow large changes in lung
volume without significant changes in EBMSA and is one mechanism
that may be responsible for small changes in EBMSA as the lung is
deflated close to residual volume. An alternative mechanism is
alveolar duct volume changes, which could occur independently of
changes in alveolar volume and EBMSA. Because of volume cycling
before fixation, septal folding was qualitatively rare.

Fig. 5. Comparison of present study (d) with data of Bachofen et al.
(a-c) (2). Percent increases in EBMSA were computed on inflation
from collapse, relative to lungs fixed at 40% TLC on inflation (a); on
deflation from TLC, relative to lungs fixed at 40% TLC on deflation
(b); on reinflation from 40% TLC, relative to lungs fixed at 40% TLC
on deflation (c); and on deflation from TLC, relative to lungs fixed at
40% TLC on deflation (d).
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although the lungs fixed at high volumes exhibited
some septal waviness, it was less than noted by Old-
mixon et al. (16) in rabbit and dog lungs. These
differences might be explained by the fact that, in rat
lungs, the ratio of collagen to elastin is quite high
(,8:1) in the alveolar walls (80–100 µm from the
alveolar duct; Ref. 12). Fixation of collagen would tend
to stabilize alveolar structure even in the absence of
elastin fixation. No comparable collagen-to-elastin ra-
tio is available for rabbits. In dog lungs, the collagen-to-
elastin ratio is also highest in the alveolar walls (14),
but the magnitude of the collagen-to-elastin ratio (,4:1)
is much smaller than in the alveolar walls of rat lungs.
Thus tissue deformation due to elastin contraction may
be more prevalent in dog lungs fixed without ethanol
dehydration. Although we cannot rule out the possibil-
ity that elastin contraction in our study resulted in
small changes in alveolar geometry, the magnitude of
our measured change in EBMSA is very similar to that
measured in rabbit lungs fixed by using a technique
that included ethanol dehydration (2). Thus we believe
that tissue deformation due to either incomplete fixa-
tion or contraction of elastin was minimal in our study.

The second major difference between the Bachofen et
al. (2) fixation protocol and that in the present study is
the volume-cycling protocol that preceded lung fixation.
Bachofen et al. fixed rabbit lungs on inflation from
collapse (Ptp 5 0.1–0.2 cmH2O), on subsequent defla-
tion from TLC, and on reinflation from 40% TLC. They
reported that changes in EBMSA with lung volume
depended greatly on where in the volume-cycling proto-
col the lungs were fixed. Furthermore, Oldmixon and
Hoppin (15) examined in detail the relationship be-
tween septal folding and lung inflation history and
concluded that alveolar septal folds may form de novo
during experimental preparation, and significant fold-
ing may not be present in vivo. Specifically, they found
the critical pressure for unfolding tissue was .16
cmH2O, and the critical pressure for forming folds was
,3 cmH2O. There is some evidence that septal folds are
absent in human lungs (21). We therefore cycled lung
volume three times between TLC (above the critical
unfolding pressure) and 8–10 cmH2O (above the criti-
cal pressure for the formation of folds) before fixing on
deflation to provide epithelial deformations representa-
tive of those in uniformly inflated lungs.

Despite the two differences in fixation protocol, the
study of Bachofen et al. (2) represents the only previous
measurement of EBMSA to which our data can be
compared. To facilitate data comparison, we chose to
express our results as %increases in EBMSA relative to
42% TLC (%DEBMSA42 in Table 2, Fig. 5, d). From the
data of Bachofen et al., we computed the %increase in
EBMSA relative to the EBMSA computed on either
inflation or deflation at 40% TLC (Fig. 5, a-c). Note that
b and c are based on a different baseline surface area
than is a. It is clear that lungs fixed on inflation from
collapse are not readily comparable to lungs fixed on
deflation from TLC, either within the Bachofen study
or in comparison with our data. The changes in EBMSA
on inflation from collapse in the study by Bachofen et

al. suggest that lung septal tissue stretches before
reaching some critical unfolding pressure, hence the
large changes in EBMSA at low lung volumes and the
minimal change in EBMSA at high lung volume. This
finding is contrary to our hypothesis that lung tissue
unfolds at low lung volumes and stretches at high
volumes. Supported by the findings of Oldmixon and
Hoppin (15), we hypothesize that the state of the tissue
at the beginning of the cycle is responsible for the
dramatic difference in the data and that lungs fixed on
deflation from high pressure are more representative of
the in vivo condition.

The most comparable segment of the Bachofen et al.
(2) protocol to the present study is the deflation from
TLC (Fig. 5, b). Although we found a 34% change in
EBMSA relative to 40% TLC, Bachofen et al. report a
change of only 16%. It is difficult to explain the differ-
ences in these findings, except to attribute them to the
distinctions in fixation and lung volume detailed previ-
ously. Although unlikely due to the reasons mentioned
above, incomplete fixation might explain why our esti-
mate of EBMSA at TLC could be high. Alternatively,
the inconsistent results obtained by Bachofen et al. on
each limb of the inflation-deflation cycle suggest that
further volume cycling, as used in our study, is required
to achieve uniformly inflated lungs with repeatable
changes in EBMSA. The 27% change in EBMSA re-
ported by Bachofen et al. on reinflation from 40 to 80%
TLC (Fig. 5, c) would appear to support this second
explanation. This 27% change in EBMSA is much
greater than we find on deflation over the same lung
volumes and is nearly as much as the total change in
EBMSA we document on deflation from TLC to 40%
TLC. The difficulty in comparing our data to those of
Bachofen et al. underscores our motivation for examin-
ing lungs fixed after repetitive cycling.

A second piece of evidence that supports our EBMSA
findings comes from morphological studies of collagen
fibers in rat lungs. Mercer and Crapo (12) examined the
collagen fibril geometry near alveolar septal edges in
lungs fixed at 5 cmH2O and found that fibrils could
theoretically be extended 16 6 3% before the wavelike
structure of the fibrils would be straightened. Collagen
fibers are thought to limit further extension of lung
tissue once straightened (11). A change in length of 16%
translates into a 32% change in surface area (see Eq. 7
below), nearly identical to the 34% change in EBMSA
we report on inflation from 3.8 to 25 cmH2O. This
agreement suggests that epithelial deformations paral-
lel changes in extracellular fiber geometry.

The main purpose of this study was the derivation of
a relationship between lung volume and EBMSA, which
can be used as a guide for exposing alveolar epithelial
cells to physiologically relevant deformations. Typi-
cally, alveolar epithelial cells are stretched on flexible
substrates such as sponges or membranes. The deforma-
tion of cells grown on sponge substrates is not well
characterized (9, 20). However, Scott et al. (19) and
Wirtz and Dobbs (28) have examined the response of
alveolar epithelial cells to more well-defined deforma-
tions on flexible membranes. Scott et al. studied fetal

2031EPITHELIAL DEFORMATION IN THE RAT LUNG

 on M
ay 6, 2010 

jap.physiology.org
D

ow
nloaded from

 

http://jap.physiology.org


cells by using a maximum of 10% membrane deforma-
tion at the periphery of the cell culture surface. The
device provided a nonuniform deformation field, such
that much of the culture surface was actually exposed
to lower strains. By using Eq. 7 (see below), a 10%
deformation is roughly equivalent to a 20% change in
surface area, well within our estimate of the physiologi-
cal range for changes in EBMSA (Table 2). However,
their strain protocol was selected to mimic deforma-
tions accompanying fetal breathing movements, which
result in volume changes on the order of only 15% (8).
Thus the imposed cell deformations may have been
considerably larger than those experienced in vivo
during fetal breathing movements.

Wirtz and Dobbs (28) developed a similar system to
study type II alveolar epithelial cells isolated from
mature rats. As in the study by Scott et al. (19), their
device exposed cells to a nonuniform deformation field.
They examined cell deformations ranging from 0 to
25% increases in cellular surface area and report that,
above a 15% change in cellular surface area, phosphati-
dylcholine secretion was increased. This threshold de-
formation for phosphatidylcholine secretion would oc-
cur between 60 and 80% TLC (Table 2) and supports the
authors’ contention that periodic deep inflations may be
important in stimulating surfactant secretion and main-
taining lung compliance.

The measurement of EBMSA over a range of lung
volumes reported here not only reveals the physiologi-
cally relevant range of cellular deformations but also
yields important information regarding the contribu-
tion of alveolar walls to lung recoil. In lung mechanics,
the connective tissue of the alveolar duct and surface
tension at the air-liquid interface are often assumed to
provide nearly all of the parenchymal elastic recoil on
inflation (23, 27). Using the measurement of EBMSA
obtained in this study, we can estimate the recoil
pressure contributed by the basement membrane
(Pmem), the primary load-bearing structure of the
alveolar walls. From the principle of conservation of
mechanical energy (23), the work done at the alveolar
surface by Ptp during an incremental total lung volume
change (dVtot) is equal to the change in energy contrib-
uted by the membrane deformation plus the change in
energy contributed by the change in tension at the
air-liquid interface

Ptp p dVtot 5 t p dSmem 1 g p dSA (3)

or

Ptp 5 t p
dSmem

dVtot
1 g p

dSA

dVtot
5 Pmem 1 Pg (4)

where t is the membrane tension, g is surface tension,
dSmem is the incremental change in EBMSA, and dSA is
the incremental change in gas-exchange surface. Thus
the contribution of membrane strain-energy to the
recoil pressure is

Pmem 5 t p
dSmem

dVtot
(5)

From continuum mechanics, the tension in a static
elastic membrane is

t 5 E p h p e (6)

where E is Young’s modulus of the membrane material,
h is the thickness of the membrane, and e is the finite
description of membrane deformation (4). We can use a
value of 0.1 µm for h (26) and use measured values for E
in the range of 2–20 MPa for epithelial basement
membranes isolated from a variety of tissues (26). We
can calculate finite strain from our measurement of
change in surface area by using the relationship (4)

e 5
1

2
(%DEBMSA24/100% (7)

where %DEBMSA24 is the percent increase in EBMSA
relative to EBMSA measured at 24% TLC.

By using a second-order polynomial for the EBMSA-
lung volume relationship, similar to that found for the
EBMSA-%TLC relationship (Fig. 3), the following equa-
tion for the rat lung is obtained

EBMSA 5 Smem 5 2,344.9 2 53.3 p Vtot

1 9.3 p Vtot
2

(8)

where EBMSA is expressed in centimeters squared and
Vtot in cubic centimeters. This yields

dSmem

dV
5 253.3 1 18.6 p V (9)

Substituting Eq. 9 into Eq. 5, Pmem at each fixation
pressure can be computed. This calculation is critically
dependent on the estimated stiffness of the alveolar
epithelial basement membrane (E) and yields values
for Pmem of 0.56–5.6 cmH2O at TLC, depending on the
stiffness used. Although Pmem increases as lung vol-
ume increases, the fraction of total recall pressure
contributed by alveolar walls may or may not be
significant, depending on the actual stiffness of the
alveolar basement membrane, and highlights the need
for a more definitive study of alveolar basement mem-
brane mechanical properties. By using the larger esti-
mate of Pmem, which incorporates the stiffness mea-
sured during large deformations in renal tubule
basement membranes (26), stretching of the alveolar
basement membrane is found to account for ,25% of
total recoil pressure at TLC. This may explain the
inability of previous models that neglect alveolar wall
tension to accurately model lung behavior at volumes
near TLC (23, 27).

In summary, the work presented in this communica-
tion provides an estimate of the epithelial deformations
associated with quasi-static deflation over the vital
capacity of isolated rat lungs. EBMSA was found to
increase 5, 16, 12, and 40% relative to EBMSA at 24%
TLC at lung volumes of 42, 60, 82, and 100% TLC,
respectively. Extrapolation of these results to dynami-
cally cycled human lungs requires great care. In addi-
tion, the difference in the order of unfolding and
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stretching during deflation in the present study and
that during inflation reported by Bachofen et al. (2)
raises the possibility that dynamic cell deformations
may be more complex than a simple reversible process.
Nevertheless, this study contributes valuable informa-
tion toward understanding the range of epithelial cell
deformations associated with physiological changes in
lung volume. These data are critical for relating defor-
mation-induced lung cell behavior to in vivo lung
volume changes and provide evidence that alveolar
walls may make a measurable contribution to lung
recoil at high volumes.
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