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Purpose. To evaluate the transport characteristics of horseradish perox-
idase (HRP, a nonspecific fluid-phase endocytosis marker) across an
in vitro model of tight (>2,000 ohm-cm?) rat alveolar epithelial cell
monolayers grown on tissue culture-treated polycarbonate filters.
Methads. Unidirectional HRP fluxes were estimated from the appear-
ance rate of HRP in the receiver fluid following instillation in the
donor fluid as a function of donor [HRP] and temperature. Molecular
species present in either bathing fluid were determined at the end of
flux experiments using fluorescein isothiocyanate (FITC)-labeled HRP
by gel permeation chromatography. Cell-associated HRP activity at
the end of the transport experiment was determined, as were the rates
of recycling and transcellular movement of HRP. An enzymatic assay
was used to quantify HRP activity in the bathing fluid and cells.
Results. Unidirectional HRP fluxes were symmetric and increased lin-
early with up to 50 pM donor [HRP]. The apparent permeability
coefficient of HRP was reduced by 3.5 times upon lowering the temper-
ature from 37 to 4°C. About 50% of the FITC-labeled species present
in either receiver fluid was intact HRP. Cell-associated HRP estimated
from apical HRP incubation was about 4 times greater than that from
basolateral incubation. Recycling into apical fluid of cell-associated
HRP following apical incubation occurred rapidly with a half-time
(Ty») of ~5 min, reaching a plateau at ~67% of the initial cell-
associated HRP, while transcellular movement of HRP (into basolateral
fluid) took place with a T, of ~20 min, attaining a steady-state at
~13% of the initial cell-associated HRP. Basolateral recycling of HRP
was also rapid (T, = ~5 min) reaching a steady-state at ~35% of
the initial basolaterally-bound HRP. Transcellular movement of HRP
following basolateral incubation was slower (T, = ~70 min), leveling
off at 50% of the initial cell-associated HRP.

Conclusions. HRP appears to be transported relatively intact (~50%)
across rat alveolar epithelial barrier via nonspecific fluid-phase endocy-
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tosis. The transepithelial pinocytotic rate of alveolar epithelial cells is
estimated to be about 25 nL/cm?%h.

KEY WORDS: protein transport; pinocytosis; fluid-phase endocyto-
sis; alveolar epithelium; drug delivery.

INTRODUCTION

Alveolar epithelium lines the distal airspaces of the lung
and provides high resistance to the leakage of solutes and fluid
from the surrounding interstitial and vascular spaces, as sug-
gested by a number of physiological and morphological studies
(1,2). This property of high resistance helps keep the alveolar
airspaces of the lung relatively fluid-free for efficient gas
exchange. Moreover, active Na* absorption from the apical
fluid across the alveolar epithelial barrier has been reported to
play a major role in the maintenance of alveolar fluid bal-
ance (3).

Proteins are important constituents of epithelial lining fluid
of distal airspaces of the lung. Immunohistochemical and bio-
chemical studies have revealed the presence of serum proteins
(e.g., albumin and immunoglobulins) in bronchoalveolar lavage
fluid and on the surface of the respiratory epithelium lining the
distal airspaces (4). The mechanisms and pathways for protein
translocation across the alveolar epithelium per se have not
been well characterized to date.

In this study, the transepithelial transport properties of
horseradish peroxidase (~40,000 daltons, a fluid-phase endocy-
tosis (i.e., nonspecific pinocytosis) marker) have been investi-
gated to shed some light on the pinocytotic capacity of the
alveolar epithelial barrier in relation to transport of therapeutic
proteins of the size comparable to HRP. We measured the rate
of transepithelial transport and cellular metabolism of HRP in
the alveolar epithelial barrier utilizing an in vitro model of rat
alveolar epithelial cell monolayers in primary culture. These
monolayers have been reported to exhibit phenotypic and mor-
phological characteristics expected for in vivo alveolar epithe-
lium (5,6).

MATERIALS AND METHODS

Materials

Horseradish peroxidase (HRP) and fluorescein isothiocya-
nate (FITC)-labeled HRP were purchased from Sigma Chemical
Co. (St. Louis, MQ). Cell culture media and supplies were
obtained from Gibco (Grand Island, NY). All other chemicals
were of the highest purity available commercially.

Primary Culture of Rat Alveolar Epithelial Cell
Monolayers

We have previously reported our approach to the routine
generation of “tight” monolayers of rat pneumocytes in primary
culture (3,7). Briefly, lungs of male, specific pathogen-free,
Sprague-Dawley rats (~150 g) were perfused, lavaged, and
treated with 2.5 U/mL of porcine pancreatic elastase (Worthing-
ton, Freehold, NJ) for 20 min at 37°C. Lungs were then minced
to yield tissue blocks (about 1 mm?) which were filtered sequen-
tially through 150 and 35 pm Nitex (Tetko, Elmsford, NY)
membranes. The filtered crude cell mixture was further purified
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by immunoglobulin G (IgG) panning methods (3,7) which yield
>90% type Il pneumocytes. These purified type II pneumocytes
were resuspended in a culture medium (Earle’s modification of
minimum essential medium supplemented with 10% newborn
bovine serum, 100 U/mL penicillin, and 100 ng/mL streptomy-
cin) and plated onto tissue culture-treated polycarbonate filter-
inserts (1.13 cm?, Transwell, Costar, Pleasanton, CA) at 1.2 X
106 cells/cm? (on day 0). Beginning about day 3 in culture, these
alveolar epithelial cells-on-filters were confluent and exhibited
morphological features akin to those of in vivo type I pneumo-
cytes (e.g., protruding nuclei with thin cytoplasmic extensions
of less than 0.5 pm thickness) and reactivity to a rat type I
cell-specific monoclonal antibody (6).

Measurement of Bioelectric Properties

The primary cultured monolayers of rat alveolar pneumo-
cytes were used on day 4. Monolayers contained in 12-well
clusters were washed twice with pre-equilibrated (37°C, pH
7.4) Ringer’s solution on both sides and allowed to stabilize
with the new bathing medium for 2 h in a humidified incubator
(5% CO, in air, 37°C). The Ringer’s solution contained 116.40
mM NaCl, 540 mM KCl, 0.78 mM NaH,PO,, 25.00 mM
NaHCOs;, 1.80 mM CaCl,, 0.81 mM MgSQOy, 5.55 mM glucose,
15.00 mM N-[2-hydroxyethyl]-piperazine-N’-[2-ethanesul-
fonic acid] (HEPES), and 75 pM bovine serum albumin. The
spontaneously generated transepithelial electrical potential dif-
ference (PD) and monolayer resistance (R) were monitored
with a MilliCell ERS device (Millipore, Marlborough, MA).
We used PD as an index of net active ion transport and R as
an index of the integrity of tight junctions of the alveolar
epithelial cell monolayer. These measurements were performed
in both the absence and presence of up to 50 M HRP in either
apical or basolateral bathing fluid.

Measurement of Unidirectional HRP Fluxes and Cell-
Associated HRP

Following 2 h equilibration with Ringer’s solution, mea-
surements of unidirectional HRP fluxes across the monolayers
were initiated by spiking either apical (0.6 mL) or basolateral
(1.5 mL) donor fluid with a dosing solution to yield up to a
final (unlabeled) HRP concentration of 50 pM. Samples (1/
10th of the corresponding reservoir volume) from the receiver
fluid were taken at 0, 0.5, 1, 2, 3, and 4 h after the instillation
of HRP to the donor fluid. An equal volume of fresh Ringer’s
solution was replenished after each sampling to keep the reser-
voir volumes constant. Control experiments show that there are
no appreciable changes in bioelectric properties following these
experimental maneuvers. Transepithelial HRP fluxes (J) were
estimated from known concentration of HRP in the donor fluid
and the amount of cumulative HRP appearing in the receiver
fluid as a function of time. Apparent permeability coefficients
(Papp) for HRP were estimated from the relationship, Papp =
J/dC, where dC is the concentration gradient across the
monolayer.

To estimate cell-associated HRP activity at the end of flux
measurements, exposed cell monolayers were washed three
times with ice-cold phosphate-buffered saline (pH 7.2). Cell-
associated HRP was extracted by 30 min incubation of washed
cell monolayers with an ice-cold lysis buffer containing 1% (v/
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v) Triton x-100, 0.5% (w/v) sodium dodecyl sulfate (SDS), 2
mM freshly made phenylmethylsulfonylfluoride (PMSF), 2 mM
benzamidine, and 400 U/ml aprotinin. One hundred microliters
of the cell lysate were used for HRP activity assay as described
above. A standard curve for the HRP activity in cell lysate was
generated using known concentrations of HRP under otherwise
identical conditions.

HRP activity in the bathing fluids and cells was quantitated
by an enzymatic assay reported by Herzog and Fahimi (8).
Briefly, 100 pL of sample solution and 1 mL of 0.01 M phos-
phate buffer (pH 7.2) containing 0.01% 3,3’-dimethoxybenzid-
ine and 0.01% (v/v) hydrogen peroxide are mixed in a cuvet
(3 mL, thermostated at 37°C). The absorbance of the sample
mixture was monitored continuously for 3 min at 460 nm in a
spectrophotometer (Shimadzu UV-2101PC, Kyoto, Japan) and
the activity of HRP estimated from the tangential line (i.e.,
slope) at time t = 0 of the absorbance measurements. Standard
curves are similarly generated using known concentrations of
HRP.

Measurements of Kinetic Parameters of HRP Transport

To determine the rates of internalization, recycling (i.e.,
effluxes), and transcellular movement of HRP, cultured pneu-
mocyte monolayers were pre-incubated on ice/water (~4°C)
for 4 h (with bathing fluid pH kept near 7.4) at 50 pM HRP
in either apical or basolateral donor fluid and subsequently
washed with ice-cold, HRP-free Ringer’s solution three times
(5 min incubation each). These monolayers were then bathed on
both sides with pre-warmed (37°C) HRP-free Ringer’s solution.
The accumulation of HRP in the ipsilateral and contralateral
reservoir fluids was monitored at 0, 5, 15, 30, 60, 120, 180,
and 240 min following placement of the washed cell monolayers
into a 37°C incubator. The activity of HRP remaining with the
cells at these time points was also measured by the enzymatic
assay described earlier. Relative HRP efflux rates were calcu-
lated according to the relationship, efflux rate (%) = 100 *
(amount of HRP in either the apical or basolateral bathing
fluid)/(total HRP), where total HRP at a given time point was
the sum of the cell-associated HRP and that appearing in both
apical and basolateral fluids.

Determination of the Fraction of Intact FITC-HRP in
Bathing Fluids

In order to quantify the cellular processing of HRP, the
donor and receiver bathing fluid samples were collected follow-
ing 4 h FITC-HRP flux measurements at 25 nM donor concen-
tration and subjected to gel permeation chromatography (GPC)
with fluorescence detection. Prior to chromatography, bathing
fluid samples were concentrated in a rotary evaporator, resus-
pended with 200 pL of MilliQ water (Millipore, Marlborough,
MA), and injected (150 pL) into a high performance liquid
chromatography (HPLC) system. The dosing solution was simi-
larly treated. The HPLC system consisted of a dual pump,
controller, and a variable wavelength UV detector (all from
Waters, Milford, MA), and a fraction collector (LKB-Phar-
macia, Farmington, NJ). A GPC column used was 300WS
Protein Pack (Waters, Milford, Boston, MA) and the flow rate
was 1 mL/min. The mobile phase was phosphate-buffered saline
(pH 7.2) diluted 10 times with MilliQ water. One milliliter
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fractions of the eluant were measured for fluorescence (Perkin
Elmer 650-10S, Norwalk, CT) at excitation and emission wave-
lengths of 490 nm and 520 nm, respectively.

Statistical Analyses

Data are presented as mean * S.E.M. (n), where n is the
number of observations.

Differences among group means are determined by one-
way analyses of variance with modified post-hoc Newman-
Keuls procedures (9). Where appropriate, unpaired Student’s
t-tests are used for comparing two grc.p means. p < 0.05 is
taken as the level of significance.

RESULTS

The monolayers used in this study were obtained from 24
different preparations of alveolar epithelial cells. The monolayers
showed 8.90 (+0.21) mV (apical-side as reference) of PD and
2.61 (+ 0.054) kohm-cm? of R (n = 354), which were compara-
ble to those reported by Kim et al. (3,7) previously. The presence
of up to 50 pM HRP in either donor fluid elicited no significant
effects on PD and R, indicating that the observed HRP fluxes
were not due to the alterations in barrier properties of the alveolar
epithelial cell monolayers. Preincubation of cell monolayers with
50 uM HRP at 4°C, followed by washing and rewarming, led
to no appreciable changes in PD and R of the monolayers treated
identically without HRP in the bathing fluids.

The time courses of HRP translocation at a 10 uM donor
concentration across rat alveolar epithelial cell monolayers are
shown in Figure 1, where the cumulative appearance of HRP
in either receiver fluid increased linearly. No measurable lag
time was observed in these time courses. As can be seen in
Table 1, the HRP Papp (X 107° cm/sec) was neither direction-
nor concentration-dependent for up to 50 puM donor HRP con-
centration investigated in this study. The Papp for HRP at 50
uM at 37°C decreased by about 70% from 7.21 (=1.16) (n =
3)and 7.34 (£1.56) (n = 3) t0 2.03 (*0.38) (n = 3) and 2.14
(£0.10) (n = 3) for the AB and BA directions, respectively,

HRP (pmole)

Time(hr)

Fig. 1. Time courses of HRP accumulation in the receiver fluids at
10 pM HRP in the apical (o) or basolateral (A) donor fluids of rat
alveolar epithelial cell monolayers. Each data point with a given symbol
represents the mean, and the vertical bar on the symbol is the standard
error of the mean.
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Table 1. HRP Transport Across Alveolar Epithelial Cell Monolayers

(37°C, 4 h)
Donor
Concentration Flux Papp

Direction (M) (X107> pmol/cm?¥/sec) (X107 cm/sec)
AB? 10 6.69 + 1.21 6.69 = 1.21

25 16.7 £ 2.20 6.67 = 0.88

50 36.1 = 5.80 721 = 1.16
BA¢ 10 6.88 = 0.28 6.88 + 0.28

25 19.0 = 2.98 7.60 = 1.19

50 36.7 £ 7.80 7.34 £ 1.56

¢ Entries are mean * S.E. (n=3).
b Parameters measured in the apical-to-basolateral direction.
¢ Parameters measured in the basolateral-to-apical direction.

upon lowering the temperature to 4°C. The Papp for HRP at
4°C was also not direction-dependent.

Figure 2 shows the chromatograms for basolateral receiver
fluid which were pooled at the end of 4 h FITC-HRP flux
measurements. About 45% of the fluorescence (based on the
peak area under the curve) was attributable to FITC-HRP,
whereas the remainder was associated with subfragments of
HRP. Apical receiver fluid exhibited a similar chromatographic
profile. Both apical and basolateral donor fluids revealed only
a single major peak for intact FITC-HRP, as did the dosing
solution (data not shown).

Cell-associated HRP linearly increased with donor [HRP]
(Figure 3), where apical HRP incubation at each concentration
led to cell-associated HRP about four times greater than that
resulting from basolateral incubation. Figures 4 and 5 depict
the time courses of HRP, where HRP was allowed to bind to
the cell surface at 4°C, followed by subsequent measurements
of the HRP remaining with cells and that appearing in the
bathing fluids after warming the pre-exposed monolayer to
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Fig. 2. Chromatogram for FITC in basolateral receiver fluid collected
at the end of 4 h flux experiments with 25 uM donor FITC-HRP.
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Fig. 3. Cell-associated of HRP estimated at the end of 4 h flux experi-
ments as a function of HRP concentration in the apical (o) or basolateral
(A) donor fluid of rat alveolar epithelial cell monolayers.

37°C. The time courses of the relative rates of HRP appearing
in the ipsilateral and contralateral bathing fluids and HRP
remaining with the cell monolayer, following pre-exposure of
the apical aspect of the monolayer to HRP, are shown in Figure
4. The rate of HRP appearing in the ipsilateral (i.e., apical)
fluid rose to 67% of the initial (i.e., total) cell-associated HRP
activity with a half time (T;;;) of ~5 min, whereas the HRP
remaining with the cell monolayer decreased to 20% of the
initial value with a T,, of ~18 min. HRP appearing in the
contralateral fluid (i.e., the HRP translocated across cell mono-
layer in the AB direction) reached a plateau at 13% of the
initial cell-associated HRP with a T,,; of ~20 min.

When the basolateral aspect of alveolar epithelial cell
monolayers was pre-exposed to HRP (Figure 5), the release of
HRP into the ipsilateral (i.e., basolateral) fluid was also rapid,
with a Ty, of ~5 min and reaching a plateau at 35% of initial
cell-associated HRP, whereas cell-associated HRP decreased to
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Fig. 4. Time courses of relative efflux rates and HRP activity remaining
with the cell monolayer, following pre-exposure of ceil monolayers to
50 uM HREP in the apical fluid. O: HRP released into (i.e., recycled
to) apical fluid, A: HRP transcytosed to basolateral fluid, [1: HRP
remaining with the cells.
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Fig. 5. Time courses of relative efflux rates and HRP activity remaining
with the cell monolayer, following pre-exposure of cell monolayers to
50 uM HRP in the basolateral fluid. A: HRP released into (i.e., recycled
to) basolateral fluid, O: HRP transcytosed to apical fluid, [J: HRP
remaining with the cells.

a steady-state at 15% of the initial value with a T, of ~37
min. The translocation of HRP across the cell monolayer to
the contralateral fluid (i.e., in the BA direction) occurred with
a Ty, of ~70 min, leveling off at 50% of the initial cell-
associated HRP.

DISCUSSION

In this study, we have shown that the rates of transepithelial
HRP transport across rat alveolar epithelial cell monolayers are
symmetric (Table 1 and Figure 1) and not dependent on HRP
concentrations up to 50 pM (Table 1). The permeability coeffi-
cient of HRP in both the AB and BA directions across the
alveolar epithelial barrier is ~7.0 X 10~° cm/sec at 37°C, which
was decreased by ~70% at 4°C. The strong dependency of
HRP Papp on temperature suggests that HRP translocation is
not likely to be limited by simple restricted diffusion via paracel-
lular routes. If paracellular diffusion of HRP across the cell
monolayer was the predominant transport mechanism, HRP
Papp at 4°C is expected to decrease by about 40% from that
at 37°C. Our data are therefore consistent with translocation
of intact (i.e., enzymatically-active) HRP across the alveolar
epithelial barrier, taking place most likely via non-saturable
vesicular pathways (e.g., pinocytosis).

The HRP Papp estimated in this study is about two orders
of magnitude smaller than the Papp of ~1.8 X 1077 cm/sec for
mannitol (a paracellular transport marker) (3) and about one order
of magnitude smaller than the Papp of ~2.5 X 1078 cm/sec for
inulin (a polysaccharide of about 5 kDa) (10). On the other hand,
Pappof 3.7 X 10~ !'%cm/sec for HRP was reported for filter-grown
Madin-Darby canine kidney (MDCK) cell monolayers (with
resistance >3 kohm-cm?) (11).

The pinocytosis rate estimated from the observed transloca-
tion of intact HRP across the alveolar epithelial barrier is ~25n
L/cm?%h (or ~0.25 pmole/cm%h at 10 M), which is about 1-2
orders of magnitude smaller than that reported for rabbit and
mouse intestinal epithelial cells utilizing the same transport
marker (12,13). For example, MDCK cells have been reported
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to have ~200 nL/cm?/h of pinocytosis (14). In the human colon
carcinoma cell line Caco-2, HRP undergoes bidirectional trans-
cytosis via non-specific (i.e., fluid-phase) endocytosis at a rate
of ~27 pmole/cm*/h at 10 wM donor concentration (15). Assum-
ing a surface area of ~100 m? for human alveolar airspaces,
~0.025 L/h of fluid may be translocated by pinocytosis across
the alveolar epithelial barrier of the lung. By contrast, active Na*
removal across the alveolar epithelial barrier of the adult human
lung may result in resorption of ~0.17 L/h of isotonic fluid (3).
Thus, the contribution of the pinocytotic route at baseline to over-
all transalveolar epithelial movement of water appears to be small
(about 15%) compared to that occurring secondary to active
sodium resorption.

Cell-associated HRP estimated at 4°C following apical
incubation is about four times greater than that following baso-
lateral incubation (Figure 2). The larger apical binding of HRP
may be due to the interaction of HRP with cell surface compo-
nents (e.g., glycocalyx) present in alveolar epithelial cells. The
interaction of HRP with these components, however, appears
to be rather weak, since a substantial proportion (~35 to 65%)
of the cell-associated HRP is rapidly (with a T, of about 5
min) released back to the ipsilateral fluid (Figures 4 and 5).

The T/, of about 20 min for transcellular HRP movement
in the AB direction is about four times faster than that occurring
in the opposite direction (Figures 4 and 5), whereas the overall
transcytotic rates of HRP in both directions are the same (Table
1 and Figure 1). However, the fraction of initial cell-associated
HRP which was translocated across the monolayer at steady-
state is greater in the BA direction (50%) than that in the AB
direction (13%) (Figures 4 and 5). This apparent disparity can
be explained by the observed kinetic parameters and the four-
fold difference in cell-associated HRP activities for apical and
basolateral HRP incubations (Figure 2). If 100 molecules of cell-
associated HRP is assumed for apically-exposed monolayers,
about 13 molecules are translocated in the AB direction at steady-
state. By contrast, the cell-associated HRP observed from the
basolateral HRP incubation is about 25% of that observed for
apical incubation at the same HRP donor concentration (Figure
2) (i.e., 25 molecules), about half of which will be translocated
at steady-state across the cell monolayer in the BA direction, or
25 X 0.5 = 12.5 molecules. Thus, the overall translocation of
HRP observed at steady-state in both directions is approximately
the same, which is consistent with the same rates of transepithe-
lial pinocytosis for intact HRP observed in either direction.

About half of the FITC-labeled substances present in either
the apical or basolateral receiver fluid at 4 h flux measurements
are associated with intact HRP (Figure 3), suggesting that part
of the internalized HRP undergoes cellular metabolism (most
likely in the lysosomal compartment). The fraction of internal-
ized HRP undergoing cellular metabolism is ~50% in alveolar
epithelial cells, as opposed to >90% in mouse jejunal cells
(12). Similar profile of lysosomal degradation of HRP was
found in rabbit jejunum, where only 3% of the total absorptive
flux of *H-labeled substances was associated with intact HRP
(13). These data indicate that alveolar epithelial metabolism of
exogenous proteins which are internalized via pinocytotic route
is relatively small (~50%) compared to that (90 to 97%)
occurring in intestinal epithelial cells.

In summary, the alveolar epithelial barrier at baseline
appears to have a limited pinocytotic rate. Although the kinetic
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profiles of alveolar epithelial HRP transport in both AB and
BA directions are dissimilar, the overall rates of transepithelial
pinocytosis at steady-state in either direction are the same. It
is likely that exogenous proteins (of size comparable to or
greater than HRP and lacking specialized transport processes
(e.g., receptor-mediated transcytosis)) are translocated with a
similar rate via fluid-phase endocytosis across the alveolar epi-
thelial barrier. The role of such nonspecific fluid-phase endocy-
tosis in overall peptide/protein drug absorption into the systemic
circulation remains to be determined, as does the regulation of
alveolar epithelial pinocytosis.
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