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KiM, KwaNG-JIN, AND EDWARD D. CRANDALL. Effects of
lung lnﬂaaon on alveolar epithelial solute and water trans-
port properties. J. Appl. Physiol.: Respirat. Environ. Exercise
Physiol. 52(6): 1498-1505, 1982.—Paired hollow bullfrog lungs
(Rana catesbeiana) were used to study the effects of lung
inflation on alveolar epithelial transport of water and hydro-
philic solutes. Frogs were double pithed and the lungs were
removed after bronchial placement of a Lucite plug. Three
openings in the plug accommodated the insertion of two agar-
Ringer bridges (for electrical potential measurement and pas-
sage of direct current) and the injection and removal of alveolar
bathing fluid. Ringer solution containing a tracer quantity of
radioactive solute was instilled into the lung sacs (5 ml or 50
ml) and the lungs were suspended in baths of Ringer solution
containing appropriate cold solutes (56 mM). Permeability prop-
erties of each solute (and water) were determined from the rate
of radiotracer concentration change in the bath. The sponta-
neous potential difference, tissue resistance, and solute perme-
ability properties determined in these experiments showed no
significant differences between the 5- and 50-ml lungs. Assum-
ing homogeneous, cylindrical water-filled pores to be present in
the tissue, the equivalent pore radii estimated from the rates of
solute and water fluxes were 1.1 (for 5-ml lungs) and 0.9 nm
(for 50-ml lungs). After overinflation of the lung (to >80 ml),
experiments at 50 ml yielded a pore radius of 3.4 nm. These
data suggest that passive alveolar epithelial transport properties
do not change with degrees of lung inflation normally encoun-
tered in vivo but that overinflation can lead to increased leaki-
ness of the barrier.

epithelium; bullfrog; pore

BOTH MORPHOLOGICAL and physiological studies have
shown that the pulmonary epithelial barrier, which helps
separate the air space from the vascular space in the
lung, plays the dominant role in preventing the leak of
water and solutes from blood and interstitium into al-
veoli. Pietra et al. (19, 20) showed that intravascular
tracer hemoglobin did not appear in the air space of the
dog lung until 70 Torr pulmonary arterial pressure was
reached, although it was found in the interstitial space at
50 Torr pulmonary arterial pressure. Schneeberger and
Karnovsky (24, 25) presented morphological evidence in
mouse lungs, using horseradish peroxidase as an ultra-
structural tracer, that epithelium is a more effective
barrier than endothelium in that tracer could be seen to
cross the endothelial junctions readily but was stopped
by the epithelial tight junctions. Similar observations
were made using the smaller tracer, cytochrome ¢ (22).
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Schneeberger (23), using freeze-fracture techniques,

found that the alveolar enithelial cell lnn{‘hnne are ioined
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by a much more complex network of strands than are
endothelial cell junctions in mammalian lungs.

In physiological studies, Taylor and Gaar (27) used
data from isolated dog lungs to calculate that the equiv-
alent pore radius in the pulmonary epithelium is 0.6-1.0
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of 7.5 nm. Taking advantage of the normally fluid-filled
state of fetal lungs, Normand et al. (17) showed that the
fetal lamb lung epithelium is very resistant to solute flow
(pore radius of 0.55-0.61 nm for epithelium vs. 15 nm for
endothelium). Theodore et al. (28) presented evidence
that there may be a small population of larger (>8 nm
radius) pores present in the pulmonary epithelial barrier.
Wangensteen et al. (30) concluded, in their rabbit lung
studies, that the resistance to lipid-insoluble solute trans-
port across the blood gas barrier is due primarily to the
alveolar epithelium. These physiological studies, and the
morphological studies cited above, are consistent with
the conclusion that pulmonary epithelium is the primary
barrier to the flow of water and solutes from vascular
space to alveoli.

Egan et al. (5) suggested that epithelial permeability
in the sheep lung increases gradually with increases in
lung inflation. They further suggested that there is a
critical inflation pressure (about 35 cmH.0) at which the
pulmonary epithelium becomes very leaky to solutes.
Egan et al. (5) postulated that as the lung epithelium is
progressively stretched, water-filled channels between
alveolar cells gradually widen. It was further suggested
that at high inflating pressures and at inflation volumes
that were close to total lung capacity, resistance to hy-
drophilic solute transport is lost entirely and the alveolar
epithelium no longer functions as an effective barrier
between the circulation and the air spaces. In recent
studies of changes in solute permeability across lung
epithelium at different consecutive lung volumes in the
same lung of anesthetized dogs, Egan (4) found that the
increased pore radius present at higher physiological lung
volumes does not diminish when volume is reduced,
suggesting the phenomenon represents lung injury af-
fecting intercellular junctions at high (but physiological)
lung inflation volumes.

Although the above results are interesting and useful,
they are subject to serious theoretical and practical prob-
lems related to interpretation of data obtained in mam-
malian lung studies. Both the volumes of distribution of

0161-7567/82/0000-0000$01.25 Copyright © 1982 the American Physiological Society

910z ‘ST Jeqwaidas uo £'€£°022 0T Aq /10 ABojoisAyd-dels/:dny woly papeojumoq



http://jap.physiology.org/

LUNG INFLATION AND ALVEOLAR EPITHELIAL TRANSPORT

the test solutes and the surface area available for the
transfer of water and solutes across the lung barrier are
unknown. The series arrangement of the parts of the
barrier (epithelium, interstitium, endothelium) compli-
cates inferences about rate-limiting factors. There are at
least two parallel (airway and alveolar) epithelial barriers
that may have different solute and water permeability
characteristics. Recent reports showed that the hydraulic
conductance of tracheal epithelium, about 4 X 10™'* ml/
dyn-s (32), is about an order of magnitude greater than
that for alveolar epithelium. The latter problem is of
particular importance, since a report has recently ap-
peared suggesting that alveolar edema fluid may be
formed by retrograde filling of alveoli with solutes and
water that were directly transferred across airway epi-
thelium (8). Finally, unstirred layers in fluid-filled mam-
malian lung studies are probably very large, virtually
impossible to measure, and have never been taken into
account in transport studies.

A recent important morphological observation also
leads to some difficulty in understanding the results from
mammalian lung epithelial permeability studies as a
function of lung inflation. Gil et al. (9) have shown that
mammalian lung inflation involves “depleating” of alveo-
lar walls, rather than stretching. As a result, it is difficult
to envision the mechanism for pore enlargement with
inflation at physiological lung volumes.

To study alveolar epithelial transport properties more
directly, the simple model of the hollow bullfrog lung
mounted in the Ussing chamber has recently been uti-
lized (1, 6, 7). Frog lung alveolar epithelium is a contin-
uous layer of epithelial cells that have characteristics of
both type I and type II cells of mammalian alveolar
epithelium (18). It has been found that the bullfrog lung
generates a spontaneous potential of about 20 mV, with
a tissue resistance being about 2 kQ-cm? (1). The passive
solute and water permeability properties of this tissue
are very similar to those of other “tight” epithelia (e.g.,
toad urinary bladder) with an equivalent homogeneous
pore radius of about 0.8 nm.

In the studies reported here, we developed a sac prep-
aration of the bullfrog lung to investigate its bioelectric
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and permeability properties at different lung volumes.
Paired lungs from the same animal were utilized to study
the effects of physiological lung inflation (5 ml and 50
ml). In one series of experiments, one lung of the pair
was overinflated (to >80 ml) before being studied at 50
ml. Our results suggest that none of the properties stud-
ied (including pore radius) is a function of inflation
volume in the physiological range, although the alveolar
epithelium became somewhat leaky after overinflation.

MATERIALS AND METHODS

Tissue preparation. North American bullfrogs (Rana
catesbeiana) were used in these experiments. After dou-
ble pithing the animal the chest was opened, and the
median portion of the pectoral girdle was removed. After
incising the laryngeal covering of the glottis, a separate
Lucite plug was inserted through the glottal opening into
the bronchus of each lung. A thin film of silicone high-
vacuum grease (Dow Corning, Midland, MI) had been
applied to the outside of the plug to help minimize
subsequent tissue damage. The Lucite plug was con-
structed with three openings to accommodate insertion
of agar-Ringer bridges and a three-way stopcock (Fig.
1A). A suture was tied around the bronchial portion of
the lung encircling the Lucite plug using cotton umbilical
tape (10A, Ethicon, Somerville, NJ). Each lung was iso-
lated by careful incision across the bronchus proximal to
the suture. The inside of each lung sac was then filled
with Ringer solution to a predetermined volume through
the stopcock and mounted as a sac preparation in a 150-
to 200-ml reservoir of amphibian Ringer solution (Fig.
1B). The surfaces of the internal and external Ringer
solutions were at the same level at atmospheric pressure.
Agar-Ringer bridges were inserted through the Lucite
plug into the internal fluid and into the external reservoir
for potential measurement and passage of direct current.

The amphibian Ringer solution used had the following
composition (in mM): NaCl 110.0, NaHCO; 2.4, KC1 2.4,
CaCl, 1.0, glucose 5.5. The pH of the solution after
equilibration with room air was about 8.0. All experi-
ments were performed at room temperature (22-25°C).

FIG. 1. Schematic diagram of paired bullfrog lungs
mounted as sac preparations. Plug was inserted through
glottal opening into bronchus of each lung. A: detail of
lung. L, lung; V, port for potential measurement; I, port
for current passage; S, suture; SC, three-way stopcock for
insertion and removal of alveolar fluid; SG, silicone high-
vacuum grease. B: experimental set-up of paired lungs.
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At the end of several experiments, the tissue was fixed
with either 10% formalin or Zenker’s solution, embedded
in paraffin, sectioned, and stained with EVG (Verhoeff
van Gieson) for light microscopy.

Experimental procedure. Lungs from the same animal
were paired to investigate the effects of different inflation
volumes on bioelectric properties and alveolar epithelial
permeability to water and solutes. One lung was inflated
to 5 ml and the other to 50 ml. These volumes were
chosen as representative of low- and high-inflation vol-
umes of bullfrog lungs in vivo. After filling but before
suspending the lungs in the external reservoir of Ringer
solution, the lung sac preparation was inspected carefully
for leaks.

In one series of experiments, one lung was inflated to
50 ml and the other lung was purposely damaged by
inflation to over 80 ml of lung volume. When the lung
was inflated to above 80 ml, the Ringer solution inside
the sac was observed to appear on the outer lung surface,
which had been previously dry. After keeping the dam-
aged lung above 80 ml for 15 min, the alveolar fluid was
drained and fresh solution was instilled to a final inflation
volume of 50 ml. This lung was paired with the undam-
aged lung inflated to 50 ml to study the effects of lung
overinflation on alveolar epithelial bioelectric and perme-
ability properties. Electrical potential difference, tissue
resistance, and tracer fluxes of water and solutes across
the alveolar epithelium were measured in each suspended
lung.

Electrical measurements. The electrical potential dif-
ference across the tissue was measured using a matched
pair of calomel half cells (Fisher Scientific, Philadelphia,
PA) with connecting agar-Ringer bridges. Agar bridges
were made of polyethylene tubing (PE-200, Fisher Sci-
entific, Philadelphia, PA) with 4% agar in Ringer solution.
The distance between the tips of the agar bridges and
the tissue for the potential measurements was about 0.2
cm. Current was passed across the tissue via a pair of
Ag/AgCl electrodes and connecting agar bridges. The
distance between the bridges and the tissue was about 5
cm. When there was no current applied across the tissue,
the measured potential difference (PD) was designated
as spontaneous potential difference (SPD). Tissue resist-
ance (R:) was estimated from the relationship dV/dI,
where dI is the amount of current instantaneously ap-
plied across the tissue and dV is the voltage change
across the tissue in response to dI. The instantaneous d/
was obtained using a function generator (model 5700,
Krohn-Hite, Avon, MA).

Permeability measurements. Diffusion of water, urea,
ethylene glycol, arabinose, sucrose, and raffinose were
studied in paired bullfrog lungs from the same animal
using radioactive tracers. The direction of diffusion was
always from the alveolar to the pleural surface. All the
bathing fluids contained appropriate added cold solute(s)
at a concentration of 5 mM. Five to fifty microcuries of
radioisotopic material(s) (water, arabinose, and raffinose
were labeled with *H, others with “C) were dissolved in
the bathing fluid inside the alveolar sac. Double-tracer
technique was utilized in every experiment. The pleural
bathing solution was stirred by a fast stream of air
bubbles saturated with water. The alveolar bathing so-

K.-J. KIM AND E. D. CRANDALL

lution was not directly stirred, but the lung sac was gently
moved by the stream of air in the external fluid. Aliquots
of pleural bathing fluid (250 pl) were sampled at hourly
intervals for up to 5 h after adding the radiotracers to
the alveolar fluid. The samples were placed in vials that
contained 10-ml premixed scintillant solution (PCS,
Amersham, Arlington Heights, IL) and counted in a
liquid scintillation spectrometer (model LS250, Beck-
man, Irvine, CA).

The permeability-surface area products (P-S) of water
and solutes were estimated from the slopes of the graphs
relating isotope concentration change in the pleural bath-
ing solution to time. Assuming conservation of radioac-
tive materials in the system and first-order kinetics for
solute diffusion across the tissue, the following equation
can be derived (1, 13)

In(1 - %.C./Cy,)/t = —P-S-k/V, (1)

where £k =1 + V./Vy, V. and V}, are the volumes of the
cold (pleural) and hot (alveolar) bathing fluids, C. is the
concentration of the radiotracer in the pleural reservoir
at time ¢, Cy, is the concentration of radioactive solute in
the alveolar sac at time 0, P is the permeability of the
solute or water, and S is the total surface area for transfer
of solute or water across the tissue.

To calculate absolute values of permeability, we esti-
mated the surface area available for the diffusion of
radiotracers across the alveolar epithelium at different
lung volumes by assuming the lung sac preparations were
spheres (see DISCUSSION below). The surface area for the
5-ml lungs was 14.14 cm?® and that for the 50-ml lungs
was 65.63 cm”. Absolute permeability was calculated from
the P-.S product using these estimates of surface area.
The surface area estimates were supported by light-mi-
croscopic observations of the tissue at different lung
volumes that suggest that the lung pleats as it deflates
[similar to the observations of Gil et al. (9) in mammalian
lungs].

The presence of unstirred layers adjacent to the epi-
thelial barrier necessitates correction of the permeability
measurements to obtain true tissue permeability prop-
erties (12). We measured the thicknesses of the unstirred
layers using the dilution potential technique of Smulders
and Wright (26). The equation first proposed by Dainty
(2) was then used to estimate the true permeabilities of
the alveolar epithelium to water and solutes.

Estimation of pore radius. Assuming the presence of

Ccylindrical water-filled pores in the alveolar epithelium,

the equivalent homogeneous pore radius was estimated
using the approaches developed by Renkin (21) and by
Levitt (14). We note that permeability (P) of a nonelec-
trolyte through a barrier can be defined by the equation

¢ =-P.S.dc (2)

where @ is the flux and dc is the concentration difference
of the nonelectrolyte across the barrier. Furthermore,
according to the first law of Fick, we can express the
diffusional flux of a nonelectrolyte across a barrier as

® = —-D-(As/dx)-dc 3)

where D is the free diffusivity of the nonelectrolyte in
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water and A./dx is an equivalent surface area of water-
filled channels through which the substance flows with-
out interacting with the membrane divided by a homo-
geneous pore length or barrier thickness (3). Equating
these two expressions for @, it can be seen that

As/dx = P-S/D (4)

Experimental values for A,/dx can be obtained using Eq.
4 from the measured P-S product for each substance
divided by its known free diffusivity in water. It can be
shown theoretically that, using certain assumptions,

Ay/dx = (Ap/dx)-f(a/r) (%)

where A, is the total available pore area in the mem-
brane, f(a/r) is a factor that is related to the interaction
between the solute and the pores (both resistances at the
pore entrance and friction during pore transit), and a and
r are the radii of the solute and the pores, respectively
(14, 21). Renkin (21) used

f(x) = (1 — x)%- (1 — 2.104x + 2.09x* — 0.95x°)  (6)

while Levitt (14) later suggested an equation that leads
to

f(x) = (1 — x)%- (1 — 2.1054x + 2.0805x°
— 1.7068x° + 0.72603x°%) /(1 — 0.75857x°)

Now, taking the ratio of A,/dx for each solute to that for
water (i.e., using water as a reference substance), we
obtain using Eq. 5

(As/dx)solute = (As/dx)water‘f(a/r)solute /f(a/r)water (8)

thereby eliminating the unknown A,. It should be noted
that any of the substances studied could have arbitrarily
been used as the reference solute. By use of this final
theoretical relationship, a family of curves can be gener-
ated using different values for r and the molecular radii
of water and the experimental solutes. By comparing the
theoretical curves of As/dx vs. @ with the experimental
data, the best estimate of the equivalent homogeneous
pore radius of the tissue can be obtained [using either
the Levitt (14) or the Renkin (21) frictional factor expres-
sion].

(7)

RESULTS

Rates of radiotracer concentration changes in the
pleural bath vs. time are shown in Fig. 2 (5-ml lung) and
Fig. 3 (50-ml lung). The data shown are from different
experiments for each solute. After about 1 h after the
instillation of the alveolar fluid (containing radiotracer)
and the suspension of the lung sac in the external Ringer
solution, the relationship between radiotracer concentra-
tion (for each solute and water) and time becomes linear.
The nonlinear portion during the 1st h is a frequently
noted phenomenon (29) and is probably due to the ad-
sorption of radiotracer onto the surfaces of the tissue and
reservoirs.

From the slopes of these lines in Figs. 2 and 3, the P.
S product of each solute and water was estimated using
Eq. 1. The P-S products were divided by D as described
above to obtain the relationship between A,/dx and
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FIG. 2. Time courses of solute and water diffusion across sac-
mounted bullfrog lung alveolar epithelium at 5 ml. Data shown are
from different experiments for each solute. Slope of these curves of In(1
— kC./Cy,) vs. time is —kPS/V. (where & = 1 + V./V;, C’s are
concentrations of radiotracer, V’s are volumes, PS is the permeability-
surface area product, and subscripts ¢ and h are cold and hot sides,
respectively). Arrows in figure point to ordinate used for each solute
(or water).
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rF1G. 3. Time courses of solute and water diffusion across the sac-

mounted bullfrog lung alveolar epithelium at 50 ml. See Fig. 2 for
further details.

solute radius a to define the pore radius of the lungs (see
Eq. 4). As shown in Figs. 4 and 5, the estimated homo-
geneous equivalent pore radii were 1.09 nm for 5-ml lungs
and 0.89 nm for 50-ml lungs using Eq. 6 (21). When Egq.
7 (14) was used, the pore radii were 1.11 nm (5-ml lungs)
and 0.93 nm (50-ml lungs). When arabinose was used as
a reference solute (instead of water), there was no change
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FIG. 4. A,/dx plotted as a function of molecular radius for solute
and water fluxes through sac-mounted bullfrog lung alveolar epithelium
at 5 ml. Solid line represents theoretical relationship between A,/dx
and molecular radius in terms of Renkin pore model (21), assuming an
equivalent pore radius of 1.09 nm. Each point represents mean + SE
for solute (or water). A,/dx represents an equivalent surface area of
water-filled channels through which substance flows without interac-
tion with membrane, divided by a homogeneous pore length or uniform
barrier thickness.
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FIG. 5. A,/dx plotted as a function of molecular radius for solute
and water fluxes through sac-mounted bullfrog lung alveolar epithelium
at 50 ml. Assumed pore radius of solid line is 0.89 nm. See Fig. 4 for
further details.
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in the calculated pore radii. Because of the apparently
anomalous behavior of urea (see below) the theoretical
pore radii were approximated without that solute, al-
though inclusion of urea in the fit changed the values of
the pore radii only slightly.

Once the lung has been subjected to overinflation to
leakiness (above 80-ml lung volume) before reinflation to
50 ml, increased permeability to solutes and water results.
Figure 6 shows the estimated pore radii for the control
and the overinflated lungs. Compared with the control
lungs inflated to 50 ml alone, those with a history of
overinflation exhibited a larger pore radius, although
free-diffusion characteristics were not attained. Overin-
flation caused the pore radius to increase from about 1
nm to about 3.4 nm (using Eq. 6; the increase was
somewhat less using Eq. 7).

The unstirred layer thicknesses estimated in the 5-ml
and 50-ml lungs were not significantly different, and
averaged out to about 322 um. The unstirred layer on the
alveolar side of the tissue was 196 pm, and on the pleural
side was 126 um. The larger unstirred layer thickness on
the alveolar side is likely due in part to the absence of
vigorous mixing inside the lung sac.

As stated above, we estimated alveolar epithelial sur-
face areas for the 5-ml and 50-ml lungs assuming they
were spherical. This assumption of spherical diffusion
surface for calculating S was supported by light-micro-
scopic examination of the lungs fixed at different inflation
volumes, which showed that the lung inflates by depleat-
ing (see DISCUSSION below). S turned out to be 14.14 cm®
for 5-ml inflation and 65.63 cm® for 50-ml inflation. Our
use of these estimates of S are necessary for the calcu-
lation of absolute P’s and normalized R for comparison

4_

5 50 " >80>50
Lung Volume [ml]

FI1G. 6. Effect of bullfrog lung overinflation (>80 ml) on alveolar
epithelial equivalent homogeneous pore radius. Pore radius of the 50-
ml lungs was averaged (0.89 nm from those paired with 5-ml lungs and
1.04 nm from those paired with overinflated lungs). >80—50 denotes
lungs inflated to 80 ml or more for 15 min, followed by reinflation to 50
ml.
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TABLE 1. Alveolar epithelial transport
properties at different physiological
lung volumes

5-ml Lungs 50-ml Lungs
SPD, mV 139+ 2.3 (9) 10.5 = 3.3 (9)
R, kQ-cm? 3.92 + 1.26 (4) 5.05 = 0.79 (4)
Pater 327.1 £ 499 (12) 435.0 = 41.5 (12)

TAD O 4 117 O (D)
143.9 £ 17.8 (9)

137+ 4.1 (7)

11E 0 4 OoF 0 /9)
110.2 £ 25.5 (3)

6.2+ 3.5 (7)

n
Lethylene glycol

P rabinose 22.1 = 10.1 (3) 32.3 £ 18.0 (3)
Piycrose 10.3 = 3.1 (11) 10.2 + 3.0 (11)
raffinose 59 * 39 (3) 2.0 + 03 (3)

r, nm 1.09 0.89

Values are means = SE except for r. No. of observations given in
parentheses. All P values expressed in cm/s X 10 °, assuming surface
area (S) = 14.14 cm” for 5-ml lungs and S = 65.63 cm? for 50-ml lungs.

SPD, spontaneous potential difference; R, tissue resistance; P, perme-
ability; r, radius.

TABLE 2. Alveolar epithelial transport

nropnerties for control and overinflated lung
P? i1es Jo! erinjiatea tu

ey CONRIIrOL QI QUCTHI < eSS

Control Lungs Overinflated Lungs

SPD, mV 8.3+ 28 (4) 33+164)
R, kQ-cm® 2.98 + 2.19 (4) 0.49 + 0.25 (4)
Pater 658.6 + 240.0 (3) 2294.3 + 4225 (3)
Pehyilene glycol 81.0 £ 13.1 (3) 308.9 £ 225.0 (3)
Pirea 31.5 £ 129 (3) 179.8 £ 729 (3)
Pyrabinose 19.3 + 14.3 (3) 225.6 £ 237.1 (3)
sucrose 11.5 £ 9.7 (3) 835.2 = 596.1 (3)
Pirattinose 214 + 10.5 (4) 180.7 £ 4.7 (4)
7, nm 0.97 3.38

Values are means = SE except for r. No. of observations given in
parentheses. Control and overinflated lungs studied at 50-ml volume.
Overinflated lungs were previously inflated to >80-ml volume for 15
min before reinflation to 50-ml volume. All P values expressed in cm/
s X 1077, assuming S = 65.63 cm®. See Table 1 for abbreviations.

with previously reported data on lungs and other epithe-
lial tissues (e.g., toad urinary bladder). The P’s calculated
from P.S and corrected for the unstirred layer effects are
tabulated in Tables 1 and 2. There are no statistical
differences between the P’s for any solute or water (Table
1) for the 5-ml and 50-ml lung volumes (P > 0.05). On
the otherhand, all P’s (except ethylene glycol) are signif-
icantly different (P < 0.05) between the normal (50 ml)
and overinflated lungs (Table 2). The correction of P for
the unstirred layer effects was always <6.3%.

The SPD and R, (Table 1) were 13.9 mV and 3.92 k2.
cm® (5-ml lungs) and 10.5 mV and 5.05 kQ-cm® (50-ml
lungs), respectively. There are no significant differences
(P > 0.05) between SPD or R; at the two different lung
inflation volumes. These data compare well to those
reported previously for bullfrog alveolar epithelium (see
DISCUSSION below). Both SPD and R of overinflated
lungs (Table 2) were significantly less than those of
control (50 ml) lungs.

DISCUSSION

Bullfrog lung alveolar epithelium showed no significant
differences in bioelectric or passive water and solute
permeability properties (or pore radii) at two different
lung inflations within the physiological range. After
overinflation followed by reinflation to physiological vol-
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ume, SPD and R decreased and water and solute perme-
abilities (and pore radius) increased (Table 2). The SPD,
R, and permeability properties obtained in this study
using lung sacs are comparable with the results previ-
ously reported for the same tissue mounted as a flat sheet
in the Ussing chamber (1). The sac preparation appears
to be a viable model for the study of bullfrog lung alveolar
epithelium.

The results obtained in this study are at variance with
the conclusions based on data obtained in a recent sheep
lung study. Egan et al. (5) suggested that the alveolar
epithelial pore radius increases gradually with lung infla-
tion volumes in the physiological range, whereas our data
indicate no such change occurs. Although the use of
equivalent homogeneous pore radius to characterize a
tissue is greatly oversimplified and may be imprecise (see
below), it can be of some usefulness for comparison
purposes such as these.

As noted above, the mammalian lung preparation suf-
fers from a number of practical problems. Of particular
relevance to the effects of lung inflation on epithelial
permeability is the fact that the alveolar fluid may have
enormously thick unstirred layers adjacent to the pul-
monary epithelia. The relative effects of these unstirred
layers may vary with lung volume, leading to different
degrees of underestimation of P.S at different lung infla-
tions. Another major problem in interpreting the mam-
malian lung data is the presence of two parallel pathways
for fluid and solute transport, namely, the airway vs.
alveolar epithelium. The presence of the two epithelia,
which have very dissimilar sieving properties [e.g., the
hydraulic conductance of tracheal epithelium is about an
order of magnitude higher than that of alveolar epithe-
lium (1, 32)], may contribute to the differences in results
obtained in the sheep lungs at different inflation volumes.
This is especially true when it is recognized that the
surface areas of contact between air-space fluid and
alveolar epithelium on the one hand and between air-
space fluid and small airway epithelium on the other
hand are not well known and may change with lung
inflation. A third important factor that may influence the
results obtained in mammalian lungs is the use of differ-
ent inflation pressures at different lung volumes. If the
increment in interstitial and vascular hydrostatic pres-
sure was not the same as that in the airway fluid, hydro-
static-pressure driving forces for fluid flow across the
lung barriers would have been present that were different
at different inflation volumes. This phenomenon could
lead to altered solute fluxes due to solvent drag. The
experiments reported in the present study were con-
ducted in the absence of transepithelial pressure gra-
dients. Finally, the recent observation by Gil et al. (9), in
which it was shown that mammalian alveolar epithelium
pleats and depleats with lung deflation and inflation,
makes the suggestion that pore radius increases gradually
with physiological lung inflation volumes more difficult
to appreciate. With depleating, little tension should be
present in the plane of the epithelium unless the alveolar
epithelium is expanded to near or over total lung capac-
ity. This observation lessens the likelihood that epithelial
pore radius would increase gradually with physiological
lung inflation.
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It must be noted that the differences between the
previously reported data and our present data may be
more apparent than real. First of all, the discrepancy
may be due to the use of different animal species. Mam-
malian lungs (sheep and dog) may have permeability
properties dissimilar to those of amphibian lungs (bull-
frog). However, the general morphological and physio-
logical similarity of the various alveolar epithelia (1, 31)
tends to suggest that frog alveolar epithelium probably
has transport properties that resemble those in mam-
malian lungs. Perhaps more important is that the data of
Egan et al. (5), specifically their Figs. 5 and 6, can be
interpreted somewhat differently and in a way that is
more consistent with our own findings. Upon closer in-
spection, there appears to be little change in pore radius
in sheep lungs until the lung inflation volume or pressure
reaches a certain point (about 30 cmH>O or 70% total
lung capacity). After that, large increases in the pore
radius are noted, reaching the equivalent of free diffusion
at 40 cmH>0 or 100% total lung capacity. This interpre-
tation suggests that mammalian and amphibian alveolar
epithelium both remain tight until a certain inflation
volume is reached, above which they both become leaky
(see below). These findings are consistent with those
obtained by Lewis et al. (16) in rabbit urinary bladder, in
which it was determined that stretch of the tissue within
the physiological range does not affect the resistance of
the tight junction.

The more recent data on the effects of lung inflation
on dog alveolar epithelial permeability (4) cannot be
directly compared with our results, since we did not
perform experiments on the same lung at different lung
volumes. The dog lung data are still somewhat unex-
pected, since it is unlikely that damage to epithelial cell
junctions occurs in the physiological range of lung infla-
tion volumes. In our experiments, since no difference in
pore radius of the paired lungs at 5-ml and 50-ml volumes
was noted, we suspect that return of the 50-ml lung to 5-
ml inflation volume would likewise not yield any differ-
ence in pore radius.

The overinflation of the bullfrog lung followed by
reinflation to 50-ml lung volume led to an increase in the
pore radius from about 1 nm to 3.4 nm. We did not
observe increases in permeability properties to free dif-
fusion, as reported by Egan et al. (5) for mammalian
lungs. However, in both studies, it appears that the
alveolar epithelial barrier is damaged by hyperinflation,
probably at the tight junctions. Our speculation is that
the lung alveolar epithelium depleats as it is inflated
within the physiological range, after which tight junctions
are irreversibly damaged by increasing tension within the
plane of the epithelium.

To compare our transport properties, especially the
permeability data, with data from other lung studies and
from other tissues, reasonable estimates of the epithelial
surface areas in the 5-ml and 50-ml lungs were needed.
By approximating the lungs as spheres, we calculated
surface areas of about 14 cm?® (5-ml lungs) and about 66
cm? (50-ml lungs). The assumption of spherical available
epithelial surface area for transport was based on our
microscopic examination of fixed bullfrog lungs at differ-
ent inflation volumes and on implications of the obser-
vations in mammalian lungs made by Gil et al. (9). The

K.-J. KIM AND E. D. CRANDALL

bullfrog lungs appear to pleat and depleat with deflation
and inflation, similar to the phenomenon in mammalian
lungs. This interpretation is supported by the observation
that absolute tissue resistance was markedly different in
the 5-ml and 50-ml lungs, but that normalized R, was the
same at both volumes (see below). The surface area
available for solute and water flows thus varies with the
degree of lung inflation. When nearing total lung capacity
in our preparations, the entire alveolar wall may be
available for transport. When pleated, however, surface
area available for transport decreases because the por-
tions of the alveolar epithelium which face each other
cannot be utilized for effective ion, solute and/or water
flow.

Using these estimates of surface area, we calculated
normalized R. and absolute values of permeability for
water and solutes from P-.S. The results (see Table 1)
were similar to those obtained when bullfrog lungs were
studied as a flat sheet in the Ussing chamber. The pore
radius from the present study is also in close agreement
with that reported from the Ussing chamber studies (1).
Furthermore, the data are comparable to those obtrined
from studies on another tight epithelium (toad urinary
bladder), in which the epithelium is resistant to water
and solute flows, with a pore radius of about 0.6-0.8 nm
(11, 33). The lack of a good estimate of the surface area
for water and solute flows in the mammalian lung prep-
aration prevents direct comparison of our calculated
absolute permeabilities with data from mammalian lung
studies. It should be noted that all our measurements of
solute and water diffusion in the present study were from
alveolar to pleural fluid. This simplification is based on
our observation that there is no directional dependence
of diffusional fluxes across bullfrog alveolar epithelium
1).

As can be seen in Figs. 4 and 5 and Tables 1 and 2,
urea permeability is very low compared with those for
other solutes of comparable molecular size. The mecha-
nism for this apparent anomalous behavior is unknown.
The finding is very reproducible in our preparations, but
has not been observed to our knowledge in other epithe-
lia. One characteristic of urea that is of potential impor-
tance in this regard is its low enlubility in oil relative to
that of water and ethylene glycol. If direct permeation of
membrane lipids plays a significant role in the transport
of these solutes across alveolar epithelium, the lower
permeability of urea would not be unexpected. Further
experiments with lipophilic solutes will be necessary to
resolve this point.

Several potential sources of error are present in our
lung sac preparation. The bullfrog lung is hollow and
thus provides a simple model for the study of the trans-
port properties of alveolar epithelium. Although the lung
is lined by a continuous layer of epithelial cells that have
characteristics of both type I and type II pneumocytes of
mammalian lungs, there are also a pleural mesothelium
covering the outer lung surface and a connective tissue
layer containing blood vessels, nerves, and smooth mus-
cles between the epithelium and pleura. It is unlikely,
however, that the tissue components other than the
epithelium contribute significantly to the transport phe-
nomena observed in this study. Kim et al. (13) showed
that visceral pleural tissue is extremely leaky to water
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and solute flow. Hays and Franki (10) showed that toad
urinary bladder stripped of its epithelium offers little
resistance to water and solute flow compared with the
intact tissue. Further evidence that alveolar epithelium
is the barrier of importance in bullfrog lungs has been
cited in detail previously (1).

We have found that the use of silicone high-vacuum
grease at the tissue periphery minimizes edge damage
effects (1, 13) in Ussing chamber studies similar to results
reported by Lewis and Diamond (15). In this study, we
used the same technique for mounting the lung as a sac
by coating the surface of the bronchial plug with silicone
grease. Although we did not check for edge effects, the
values obtained for SPD, R, and P suggest that leakage
through that pathway was negligible.

We have considerable misgivings about characterizing
biological tissue with an equivalent homogeneous pore
radius. We have used such a pore radius in the present
study for comparison purposes, although it is likely that
such comparisons are oversimplified. Close inspection of
Figs. 4 and 5 suggests that there may be at least two
populations of pore radii in the alveolar epithelium. Lack
of sufficient data has prevented us from analyzing the
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