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Stevens, Paul A., Heide Wissel, Stefan Zastrow,
Daniela Sieger, and Klaus-Peter Zimmer. Surfactant
protein A and lipid are internalized via the coated-pit path-
way by type II pneumocytes. Am J Physiol Lung Cell Mol
Physiol 280: 1L141-L151, 2001.—Surfactant protein (SP) A
and SP-A-mediated lipid uptake by isolated type II cells were
investigated with biochemical and morphological methods.
Inhibition of coated-pit function by potassium depletion se-
verely reduced both SP-A and SP-A-mediated lipid internal-
ization. Lipid uptake in the absence of SP-A was not affected.
With confocal laser scanning microscopy and immunoelec-
tron microscopy, SP-A and lipid predominantly (60%) colo-
calized in intracellular vesicles carrying early endosomal
markers (EEA1) 5 min after endocytosis but were negative
for the late endosomal or lysosomal marker LAMP-1. As
estimated by subcellular fractionation, at this time point,
23% of the internalized SP-A and 45% of internalized lipid
were localized within light (<0.38 M sucrose) fractions,
which contain lamellar bodies and are positive for EEA1. The
remaining label was predominantly found within EEA1-pos-
itive and plasma membrane-containing subfractions (=1 M
sucrose). We suggest that in isolated type II cells in vitro,
SP-A and lipid are taken up together via the coated-pit
pathway and that at early time points, both components
reside in the same early endosomal compartment.

early endosome; lamellar body; coated vesicle

THE SURFACTANT-ASSOCIATED GLYCOPROTEIN surfactant pro-
tein (SP) A (molecular mass of 650 kDa under native
conditions) plays an important role in the regulation of
surfactant metabolism. Via an interaction with compo-
nents of the type II cell membrane, it inhibits stimu-
lated surfactant lipid secretion and stimulates surfac-
tant lipid reuptake and recycling toward lamellar
bodies, the secretory organelles of type II pneumocytes.
Stevens et al. (22) and Wissel et al. (29) have recently
described a SP-A-binding type II cell membrane pro-
tein (BP55), which is involved in surfactant lipid endo-
cytosis. The precise mechanism by which the interac-
tion of SP-A with its receptor stimulates lipid uptake,
however, is not understood yet. Morphological studies

(10-12, 19, 33) have demonstrated SP-A in association
with coated pits and coated vesicles, suggesting recep-
tor-mediated endocytosis of SP-A. Because of its high
affinity for lipids and its liposome-aggregating proper-
ties, it seems conceivable that SP-A, on its internaliza-
tion, could take lipids with it via the coated-pit inter-
nalization pathway.

To clarify these issues, we combined biochemical as-
says with confocal laser scanning microscopy (CLSM)
and electron-microscopic techniques to study the inter-
nalization mechanisms and intracellular fate of the
endocytosed components in freshly isolated type II
cells. We found that inhibition of coated-pit formation
by potassium depletion inhibited both SP-A and lipid
internalization, suggesting that both surfactant com-
ponents enter via the same mechanism involving clath-
rin-coated pits. As demonstrated by CLSM and immu-
noelectron microscopy and substantiated by subcellular
fractionation experiments, at early time points after
endocytosis, the protein and lipid colocalize in the same
intracellular compartments, most likely early endo-
somes.

MATERIALS AND METHODS

Chemicals. Lipids, glutathione, fluorescein isothiocyanate
(FITC), tetramethylrhodamine isothiocyanate-labeled Ma-
clura pomifera lectin, FITC-labeled concanavalin A, and Lu-
cifer yellow CH were obtained from Sigma (Deisenhofen,
Germany). An early endosomal marker (EEA1) and cyanine-
3-labeled anti-mouse IgG antibodies were obtained from Di-
anova (Hamburg, Germany). The mouse anti-clathrin heavy
chain IgG antibody was obtained from Transduction Labora-
tories (Lexington, KY). The 2H5 anti-BP55 antibody was
prepared as previously described (19). All radioactive iso-
topes as well as the BCS scintillation fluid were from Amer-
sham (Braunschweig, Germany). Elastase and fatty acid-free
bovine serum albumin fraction V were from Boehringer
Mannheim (Mannheim, Germany). Cell culture media and
supplements were from Life Technologies (Gaithersburg,
MD). L-a-Phosphatidylethanolamine (PE)-N-(lissamine rho-
damine B sulfonyl) (rhodamine-PE) was from Avanti Polar
Lipids (Alabaster, AL). Biotin derivatives were from Pierce
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(Rockford, IL). All other chemicals were of analytic grade
from major suppliers.

Type II pneumocyte preparation. Type II cells were isolated
from the lungs of adult male rats (body wt 120-140 g)
according to Dobbs et al. (3). All in vitro experiments were
done on freshly isolated cells in suspension.

Isolation of SP-A. SP-A was purified from lavages of fresh
lamb lungs obtained from the local slaughterhouse as previ-
ously described (29). All samples used were tested for purity,
contamination with immunoglobulins, lipid aggregation
properties, and activity in surfactant secretion assays as
previously described (29).

Labeling of SP-A. For biotinylation, SP-A was labeled with
biotin derivatives (either NHS-LC-biotin or NHS-SS-biotin)
at pH 6.3 as previously described (29).

SP-A was labeled with FITC as described by Benne et al.
(1). The labeled SP-A was then divided into aliquots and
frozen at —20°C.

Functional activity of all labeled SP-A batches was tested
as described by Wissel et al. (30).

Liposome preparation. Small unilamellar liposomes con-
taining 55% (by weight) dipalmitoylphosphatidylcholine
(DPPC), 25% egg phosphatidylcholine, 10% dipalmitoylphos-
phatidylglycerol, and 10% cholesterol were made by sonica-
tion as previously described (29).

As a radioactive lipid marker, 1,2-dipalmitoyl-L-3-phosphati-
dyl-N-[methyl-*H]choline, (1.46 nCi/pg lipid) was added. In
some experiments, the liposomes were labeled with the fluores-
cent lipid rhodamine-PE added at 1%, and unlabeled PE was
added at 1% in exchange for an equal amount of DPPC.

Potassium depletion. Potassium depletion of the cells was
done according to Larkin et al. (16).

Disulfide-biotinylated SP-A internalization assay. Before
the assay was started, the cell medium was changed once, the
cells were cooled on ice, and then 3 ng/10° cells of SP-A
labeled with NHS-SS-biotin (B-SS-SP-A) were incubated
with the cells at 37°C for different periods of time as indi-
cated in REsULTS, Figs. 1-5, and Tables 1 and 2. During the
incubation period, the cells were continuously and gently
shaken. Then, the medium was removed, and the cells were
washed once with ice-cold PBS plus 10 mM EGTA (pH 7.4)
for 5 min on ice. Subsequent removal of extracellular label
was done by the glutathione-iodoacetamide method as de-
scribed by Volz et al. (25). Equal amounts of total protein
were subjected to SDS-PAGE under nonreducing conditions,
blotted onto nitrocellulose, and visualized by enhanced
chemiluminescence on film with avidin-peroxidase. The re-
sults were quantitated by scanning densitometry.

Liposome internalization assay. Liposome uptake assays
were performed as described by Wissel et al. (29).

SP-A-binding assay. SP-A binding to type II cells was
assayed at 3°C. In addition, calculation of the specific binding
of SP-A under potassium-depleted and control conditions was
performed by slope peeling (5) after incubation of the cells
with labeled SP-A for 60 min at 37°C.

Lucifer yellow endocytosis. Potassium-depleted and control
cells were incubated with 1 mg/ml of Lucifer yellow in control
or potassium-depleted buffer for 0, 5, or 15 min at 37°C. The
cells were washed twice in PBS-1% BSA and twice in PBS at
4°C and then lysed in PBS-0.3% Triton X-100. Intracellular
Lucifer yellow concentration was determined by fluorescence
spectrometry (excitation at 430 nm and emission at 540 nm).

CLSM. At each time point, 5 X 10 type II cells suspended
in 1 ml of DMEM-0.1% BSA were incubated with 100 pg of
liposomal phospholipid containing rhodamine-PE and 5 pg of
FITC-SP-A. Further procedures for CLSM are described in
Fig. 3. The cells were examined with an epifluorescence
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microscope interfaced with a CLSM (Leica CLSM, Leica
Lasertechnic, Heidelberg, Germany) equipped with an argon-
krypton laser. Images of the cells were created with standard
objectives and photomultiplier tubes dedicated to fluorescent
excitation and emission spectra for rhodamine (excitation
541 nm and emission 572 nm) and FITC (excitation 490 nm
and emission 520 nm). With the dual-channel system of the
confocal microscope, dual-emission (535/590 nm) images
were recorded simultaneously with a scanning speed of 16
s/frame (512 lines). Serial sectioning of cells at a depth of 0.5
pm was performed to distinguish material adhering to the
cell membrane from internalized material and to assess in-
tracellular colocalization of SP-A and lipid.

All experiments were repeated five times; for each exper-
iment, at least 10 cells were evaluated.

Electron microscopy. Detection of coated pits and coated
vesicles of isolated type II pneumocytes was performed on
Epon sections processed by standard techniques. Potassium-
containing and -depleted cells were treated with 1 pg/ml of
SP-A for 10, 20, and 30 min. The number of coated pits and
coated vesicles per 40-nm section of the cell was determined
by an investigator blinded to the treatment group.

For intracellular localization experiments, type II cells
were incubated with 4 pg FITC-labeled SP-A/10° cells at
37°C under either potassium-containing or -depleted condi-
tions for 5 or 10 min. Localization of FITC-labeled SP-A on
thin frozen sections of type II cells was done with the tech-
nique of Tokuyasu as previously described (35). The cells
were cooled down to 3°C, washed, and fixed in 5% parafor-
maldehyde-250 mM HEPES, pH 7.4. The frozen sections
were labeled with a polyclonal rabbit (1:150 dilution; Molec-
ular Probes Europe, Leiden, The Netherlands) and a mono-
clonal mouse (1:30 dilution) antibody against FITC. A mono-
clonal mouse antibody against rat LAMP-1 (GM10) was
taken to identify late endosomes and lysosomes. The binding
sites of the antibodies were indicated by goat anti-rabbit or
anti-mouse serum conjugated with 6- or 12-nm large gold
particles (1:10 dilution) in a Philips 301 electron microscope.

For in situ localization, 80 pg of FITC-labeled SP-A in 1 ml
of PBS were instilled intratracheally in vivo into the lungs of
a deeply anesthetized rat 5 min before death. The lungs were
perfused first with an ice-cold solution containing 140 mM
NaCl, 5 mM KCl, 2 mM CaCl,, 1.3 mM MgSO,, 2.5 mM
sodium phosphate, 10 mM HEPES, and 6 mM glucose, pH
7.4, until they were blood free and subsequently with ice-cold
5% paraformaldehyde fixating solution. After removal from
the thorax, the lungs were then lavaged twice with the
fixating solution and put into a 15-ml test tube filled with
paraformaldehyde solution. They were then cut and prepared
for Epon and thin frozen sections as described above.

Distribution of endocytosed lipid in subcellular fractions.
After uptake of labeled liposomes in the presence and ab-
sence of B-SS-SP-A, the cells were washed, and the subcel-
lular fractions were separated by sucrose gradient centrifu-
gation with the procedure described by Duck-Chong (4). For
this, the lysate in 1 M sucrose was overlaid with 1-ml frac-
tions of sucrose solutions of decreasing molarity (from bottom
to top 0.8—0.2 M). The gradient was then centrifuged at
60,000 g for 2 h in a Beckman ultracentrifuge (SW 41 rotor).
After completion, the sucrose fractions were taken off in 1-ml
fractions. The refraction index of each fraction was deter-
mined, and the corresponding molarity was calculated. In
each fraction, radioactivity and protein content were mea-
sured as described in Liposome internalization assay. SP-A
was visualized on blots as described in Disulfide-biotinylated
SP-A internalization assay.
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Data analysis. All results are means *= SE. Statistical
analysis was done with paired and unpaired ¢-tests. For
multiple comparisons, analysis of variance with subsequent
Fisher’s protected least significant difference test was used.
The level of significance was set at P < 0.05.

RESULTS

Potassium depletion. As determined by atom emis-
sion spectrometry, control cells contained 0.056 mmol/l
of potassium. Depletion led to an eightfold decrease in
intracellular potassium content after 60 min (0.0064
mmol/l).

As determined by trypan blue exclusion and lactate
dehydrogenase release, this procedure did not damage
the cells to a significant extent. Dye was excluded in
97.3 = 0.5% of the untreated cells, 93 = 1% of the
control cells, and 91 * 1% of the potassium-depleted
cells. Vitality after 20 min of incubation with lipids and
SP-A was 91 = 1% in the control group and 89 + 1% in
the potassium-depleted group. Less than 2% of the
total cellular lactate dehydrogenase content was re-
leased during the course of the experiment in either
group (n = 3 experiments with duplicate measure-
ments).

The protein content of the cells was not altered by
the procedure (control cells, 141 = 0.9 pg/2.5 million
cells vs. potassium-depleted cells, 145 = 2.2 ng/2.5
million cells).

Effect of potassium depletion on protein synthesis
and intracellular energy stores. After hypotonic shock
and incubation in potassium-free or potassium-con-
taining medium for 20 min, the cells were incubated
with 10 wCi of [*H]leucine added to the medium for 4 h.
After precipitation with trichloroacetic acid, the
amount of total cellular protein was measured, and
incorporation of label in the protein pellet was mea-
sured by liquid scintillation counting as described in
MATERIALS AND METHODS. Incorporation of labeled leucine
into potassium-depleted cells was 8—-10 times lower
than in potassium-containing cells (n = 3 experi-
ments). These values are in accordance with the liter-
ature (17).

To test whether protein synthesis was needed for
lipid endocytosis at short time points, lipid uptake by
type II cells with time was measured in the presence of
100 mM cycloheximide, a protein synthesis inhibitor.
For periods of up to 2 h, lipid uptake by type II cells as
assessed by incorporation of [PHIDPPC or [**C]choles-
terol ester in either the presence or absence of SP-A
was not affected by inhibition of de novo protein syn-
thesis (n = 6 experiments; results not shown).

As an additional control, ATP content was deter-
mined in control and potassium-depleted cells accord-
ing to Jaworek et al. (9). Potassium depletion slightly
reduced the ATP content of type II cells from 20.92 =+
2.6 to 18.37 = 0.73 nmol/mg protein (n = 3 experi-
ments; results not significant).

Effect of potassium depletion on coated-pit formation.
Freshly isolated type II cells were incubated in the
presence of SP-A (4 ug/10%cells) under either control or
potassium-depleted conditions at 37°C for various pe-
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riods of time. Thereafter, the cells were then prepared
for electron microscopy (see MATERIALS AND METHODS). At
each time point, 20 cells were used for counting by an
investigator blinded to the treatment. As shown in
Table 1, potassium depletion led to a severe reduction
of the number of coated pits and especially of coated
vesicles per 40-nm section.

Effect of inhibition of coated-pit formation on SP-A
uptake. In preliminary experiments, we had found that
adding a 100-fold excess of unlabeled SP-A together
with the biotin-labeled SP-A to the cells completely
inhibited the binding of labeled SP-A to the cells. Also,
incubating the cells with SP-A in the presence of 10
mM EDTA resulted in a 95% decrease in binding of
SP-A to the cells. This result is in accordance with
those of other authors (14, 31). Washing the cells with
10 mM EDTA after preincubation of the cells with
SP-A for 30—60 min only removed 55-60% of the label.
Because this amount of label adhering nonspecifically
to the cells would have impaired our efforts to investi-
gate intracellular trafficking of endocytosed labeled
SP-A, we adapted an assay using a disulfide-linked
biotin label previously characterized in other cell sys-
tems (2, 25) for use in our system. Inclusion of EGTA
washes in-between proved necessary to remove all of
the labeled SP-A, probably because in our setup, large
aggregates of SP-A, which cannot be completely pene-
trated by glutathione, were formed at the cell mem-
brane with time.

Figure 1 shows the time course of SP-A uptake under
normal (potassium-containing) conditions with the B-
SS-SP-A assay (3 ug SP-A/1 X 10° cells; n = 5 experi-
ments). Within minutes, intracellular B-SS-SP-A lev-
els rose sharply and had not yet reached a maximum at
20 min. Potassium depletion, in contrast, led to a
severe reduction in SP-A internalization. B-SS-SP-A
levels in potassium-depleted cells were 17.6% of the
normal value at 10 min (P < 0.0001) and 20% at 20 min
(P < 0.0001). This was confirmed by CLSM with FITC-
labeled SP-A. By immunoelectron microscopy, as
shown in Fig. 2, at these early time points, SP-A was
found in coated pits (Fig. 24) and coated vesicles (Fig.
2B). Very little label was detected within the cells after
potassium depletion (see Fig. 3F). Potassium depletion
did not influence internalization of the fluid-phase

Table 1. No. of coated pits and vesicles
in potassium-depleted and control cells

0 Minute 10 Minutes 20 Minutes 30 Minutes

Control

Coated pit 0.85+0.21 1.3+0.21 1.10*+0.27 1.97+0.26

Coated vesicle 0 0.1 0.13 0.13
Potassium

depleted

Coated pit 0.75+0.16 ND 0.45+0.25 0.55=*0.25%

Coated vesicle 0 ND 0 0

Values are means = SE of occurrences/40-nm section; n = 20

cells/time point. Experiments were done in the presence of 1 pg/ml of
surfactant protein A (SP-A). ND, not detected. *P < 0.05 vs. potas-
sium depleted.
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Fig. 1. Uptake of biotinylated surfactant protein (SP)-A in type II
cells under potassium-depleted (0) and control (») conditions as
described in MATERIALS AND METHODS. Disulfide-biotinylated SP-A (3
ug/106 cells) was added at 37°C for indicated times. Cells were then
washed as described in MATERIALS AND METHODS. SP-A was identified
in Western blots by neutravidin-peroxidase and enhanced chemilu-
minescence. Results were quantitated by densitometry and are
means *= SE expressed as relative optical density (OD); n = 5
experiments. *P < 0.0001 vs. potassium-depleted cells. ¥**P = 0.0105
vs. potassium-depleted cells.

marker Lucifer yellow (Fig. 3G). As confirmed by fluo-
rescence spectrometry, under control conditions after
15 min at 37°C, 10.7 ng Lucifer yellow/10° cells were
internalized compared with 12.0 ng/10° cells under
potassium-depleted conditions (not significant).
Although at 0 min, there was very little SP-A asso-
ciated with the cells under potassium-depleted condi-
tions [relative optical density (OD) 3.9 = 1.9], under
control conditions, more label remained associated
with the cell membrane (relative OD 10.8 = 2.2). SP-
A-binding assays done at 3°C showed no significant
difference between potassium-containing and -de-
pleted cells (relative OD 57 + 5.3 and 40 * 3.6, respec-
tively; n = 4 experiments). We also calculated specific
high-affinity binding by slope peeling under potas-
sium-depleted and control conditions at 37°C for 60
min. Again, no significant differences could be found

A

Fig. 2. Electron micrograph closeup of
SP-A-containing coated pits and coated
vesicles in isolated type II pneumo-
cytes. After incubation with FITC-la-
beled SP-A (in the presence of lipids),
Epon sections of isolated type II cells
were incubated with a mouse anti-
FITC antibody and goat anti-mouse
antiserum conjugated with 12-nm
large gold particles. A: closeup of clath-
rin-coated pit containing immunogold
particle, indicating labeled SP-A (ar-
rowhead). B: closeup of intracellular
clathrin-coated vesicle containing im-
munogold particle, indicating endocy-
tosed SP-A (arrow). Bars, 0.1 pm.
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between binding affinities for both conditions (concen-
trations causing half-maximal binding: control condi-
tion, 1.45 pg/ml; potassium-depleted condition, 1.35
wg/ml; n = 4 experiments). Total binding was slightly
but not significantly lower in potassium-depleted cells
versus control cells. Decreased binding of SP-A, there-
fore, cannot explain the inhibition of internalization
seen in potassium-depleted cells.

Up to 120 min after the start of the uptake period,
degradation products of biotinylated SP-A could not be
demonstrated on SDS-PAGE and Western blots
against streptavidin-peroxidase with the enhanced
chemiluminescence system.

Effect of inhibition of coated-pit formation on lipid
uptake. As shown in Fig. 4, SP-A-mediated lipid uptake
(DPPC-labeled liposomes; n = 9 experiments) was se-
verely reduced under potassium-depleted conditions
compared with control conditions. Under control con-
ditions, the amount of cell-associated DPPC that could
not be removed from the cells increased from 153 =
18.0 pmol/10° cells at 0 min to 576.8 + 33.8 pmol/10°
cells at 10 min (P < 0.0001 vs. 0 min) to 806.0 = 6.8
pmol/10° cells after 20 min (P < 0.0001 vs. 0 min).
Under potassium-depleted conditions at 0 min, 126.2 *
18 pmol DPPC/10° cells were associated with the cells
vs. 252.4 = 15.8 pmol/10° cells at 10 min and 297.4 +
27 pmol/10° cells at 20 min.

Expressed as the fraction of uptake under control
conditions, the uptake under potassium-depleted con-
ditions was ~83% of that under control conditions at 0
min. This fraction decreases to 44% at 10 min and 37%
at 20 min.

In the absence of SP-A, on the other hand, time-
dependent association of labeled liposomes with type II
cells was not different between both conditions. Al-
though under normal control conditions, DPPC uptake
increased from 3.8 = 0.3 dpm/pg protein (85 = 7
pmol/10° cells) at 0 min to 13.1 = 1.5 dpm/ug protein
(295.9 + 3 pmol/10° cells) at 20 min, DPPC uptake
under potassium-depleted conditions was only slightly
lower (3 *= 0.2 dpm/ug protein at 0 min vs. 10.8 = 1
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Fig. 3. Colocalization of endocytosed SP-A and lipids and of endocytosed SP-A and early endosomal markers in
type II cells by confocal laser scanning microscopy. To demonstrate true intracellular localization of the internal-
ized lipid components, freshly isolated type II cells were incubated with unlabeled SP-A and rhodamine-
phosphatidylethanolamine (PE)-labeled liposomes for 3 min at 37°C and then incubated at 3°C for 30 min with
FITC-labeled concanavalin A to visualize the cell boundaries (A). Cells were incubated with rhodamine-PE-labeled
liposomes and FITC-labeled SP-A for 5 min at 37°C (B). To demonstrate colocalization of SP-A with clathrin, type
II cells were incubated with FITC-labeled SP-A for 3 min at 37°C and subsequently with anti-clathrin antibody and
cyanine-3 (Cy3)-labeled anti-mouse IgG antibody (C). Incubation of type II cells with SP-A for 5 min at 37°C and
subsequently with the anti-BP55 antibody 2H5 and Cy3-labeled anti-mouse IgG showed colocalization of SP-A and
its receptor BP55 at early time points (D). Freshly isolated type II cells (5 X 10%) were incubated with 5 ug of
FITC-labeled SP-A for 5 min at 37°C and subsequently with the antibody to the early endosomal marker EEA1 and
Cy3-labeled anti-mouse IgG antibody (E). FITC-labeled SP-A was incubated with potassium-depleted type II cells
for 15 min at 37°C and then incubated for 30 min at 3°C with tetramethylrhodamine isothiocyanate-labeled
Maclura pomifera antigen to demonstrate internalization of SP-A within the cell boundaries (¥). Potassium-
depleted type II cells were incubated with 1 mg/ml of Lucifer yellow for 15 min at 37°C and then with Maclura
pomifera as described above (G). Sections were made through the center of the cells.
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Fig. 4. Uptake of [®Hldipalmitoylphosphatidylcholine (DPPC)-la-
beled lipids in the presence of SP-A in type II cells under potassium-
depleted (0) and control (») conditions. Type II cells were incubated
with labeled liposomes and 2 pg SP-A/10° type II cells for different
periods of time as described in MATERIALS AND METHODS. Lipid uptake
assay was performed as described in MATERIALS AND METHODS. Values
are means * SE; n = 9 experiments. ¥*P < 0.0001 vs. potassium-
depleted cells.

dpm/ug protein at 20 min; 68 + 5 pmol/10° cells at 0
min vs. 244 = 2 pmol/cells at 20 min; not significant).
Expressed as a fraction of uptake under potassium-
containing conditions, uptake under potassium-de-
pleted conditions remained ~80% at all time points.

By subtracting this latter value from the uptake
values attained in the presence of SP-A, it became
obvious that potassium depletion inhibited the SP-A-
mediated lipid uptake completely (e.g., uptake after 20
min in the presence of potassium and SP-A, 806 pmol/
10° cells; in the presence of potassium without SP-A,
295 pmol/10° cells; in the absence of potassium with
SP-A, 297 pmol/10° cells).

Subcellular distribution of endocytosed surfactant
components. Subcellular distribution of the SP-A and
lipids endocytosed after different periods of internal-
ization was investigated by subcellular fractionation
with sucrose gradients. Total uptake of both labels in
the continuous presence of extracellular label in-
creased significantly with time, and a significant shift
in the distribution of the internalized labels could be
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observed (Table 2). At 0 min, incubations were done at
3°C. Only fractions = 1 M contained substantial
amounts of SP-A and lipid at this time point.

As a control for unspecific cosedimentation, either
liposomes or liposomes plus SP-A were added to the
homogenized cells, and distribution of the lipid label in
the different fractions was determined after centrifu-
gation. If liposomes alone were added, most of the label
(~84%) was found in the heavy (>0.76 M) fractions.
Less than 1% of the label was found in the 0.22—-0.32 M
fraction and ~5% was found in the 0.33-0.48, 0.49—
0.58, and 0.59-0.75 M fractions. The results for lipo-
somes plus SP-A were similar to those with liposomes
alone and substantially different from those obtained
after 5 min of internalization. After 5 min of internal-
ization, lipid and SP-A were found almost exclusively
in the 0.2-0.48 and 0.76—-1 M fractions, which were
positive for the early endosomal marker EEA1. Strik-
ingly, the lightest fraction (0.2—0.32 M) had the steep-
est increase in lipid label incorporation, suggesting
that this fraction (and the 0.33-0.48 M fraction) was
preferentially labeled at this early time point. Taken
together, these results suggest that at least a substan-
tial fraction of the early endosomes are contained
within the 0.22-0.48 M fractions.

The results further suggest that the SP-A and lipid
labels behaved differently on internalization. After 5
min at 37°C, 10.4% of the SP-A label was found in the
lightest fraction (0.2—0.32 M); 12.5% of the SP-A label
was found in the 0.33-0.48 M fraction, corresponding
to lamellar bodies; 8.4% of the SP-A label was found in
the 0.49-0.58 M fraction; and 37% of the SP-A label
was found in the 0.76—1 M fraction. In contrast, after 5
min of internalization at 37°C, 18.1% of the lipid label
was found in the light 0.2—0.32 M fraction, 27% in the
0.33-0.48 M lamellar body fraction, and 9.2% in the
0.49-0.58 M fraction. In the combined 0.76—1 M frac-
tion, 25% of the total cell-associated label was found. It
therefore seems that after 5 min of internalization, the
lighter fractions are relatively enriched in lipid versus
SP-A.

Colocalization of SP-A and lipid. We and others (10)
have observed that in internalization experiments, a

Table 2. Localization of SP-A and lipids in type II cell subcellular fractions

0 Minutes 5 Minutes
EEA1 Increase vs.
Fraction Labeling SP-A Lipid SP-A Lipid 0 Minute
0.2-0.32 M 9.5 1.5+1.7 10426 18.1+3.6 200X
0.33-0.48 M 4.4 26+1.7 125+1.3 27+2.8 114X
0.49-0.58 M 0.08 22+1.6 84+1.2 9.2+1.3 100X
0.59-0.75 M 0.07 24+1.8 7316 8.7+x0.6 79X
0.76-0.99 M 4.2 1.7+1.0 7.3x1.7 55+1.5 74X
1M 35.4 10.8+£0.9 15+10 29.3+3.0 19.8+£1.7 28X
Pellet 46.4 89.2+0.9 65+15 24.8+29 11.6+3.9 0.54X%

Values are means = SE in percent of total; » = 4 independent experiments/time point. Type II cells (80 X 10°) were incubated with 3 pg
disulfide-biotinylated surfactant protein A (SP-A)/10° cells labeled in the presence of radioactively labeled liposomes for indicated times, and
subcellular fractions were prepared. Gradient fractions were labeled with antibody against the early endosomal marker EEA1 as determined
by Western blotting. Percentages of total internalized SP-A and lipid were determined as described in MATERIALS AND METHODS. For the
increase vs. 0 min, the specific activity of the lipid in a fraction at 5 min was divided by the specific activity in that fraction at 0 min. Total
amount of lipid label incorporated in the whole homogenate at 5 min was ~11 times that incorporated at 0 min.
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fraction of the isolated type II cells do not contain
endocytosed surfactant components. Using fluores-
cence microscopy, we found that ~73.3 = 3% of the
isolated type II cells had internalized SP-A as shown
by the presence of the intracellular FITC label and that
~85% of the cells had internalized lipid, leaving ~15%
of the cells without any label (n = 17 experiments).

The cells in all our samples showed very little, if any,
SP-A or lipid label adhering to the cell membrane,
confirming the effectivity of our washing procedure to
remove membrane-adhering material.

As shown by CLSM, after 3—5 min, substantial
amounts of SP-A and lipid had been internalized and
could be seen intracellularly in small vesicular struc-
tures near the periphery of the cells. Also, most of the
vesicles (60%) contained both markers, therefore sug-
gesting colocalization of SP-A and lipid at early time
points (Fig. 3, A and B). Combining FITC-labeled SP-A
and a monoclonal antibody against the early endoso-
mal marker EEA1, we demonstrated that in isolated
type II cells 5 min after the start of incubation, intra-
cellular FITC-SP-A colocalized with EEA1, i.e., in early
endosomes. (Fig. 3E). Also, at these early time points,
the SP-A receptor BP55 (Fig. 3D) and clathrin (Fig. 3C)
colocalized with SP-A and lipid. The colocalization of
SP-A with clathrin-coated pits and vesicles was further
demonstrated by electron microscopy (Fig. 2). These
data therefore strongly suggest that at early time
points after internalization, lipid and SP-A colocalize
in intracellular vesicles along the clathrin-coated pit-
early endosome pathway.

To further investigate the internalized components,
immunoelectron microscopy was used on Epon sections
as well as on cryosections of isolated type II cells. The
ultrastructure of type II cells was well preserved on
Epon sections as well as on cryosections.

Epon sections of type II cells incubated with FITC-
labeled SP-A for 5 min showed a significant number of
gold particles within most of the lamellar bodies (Fig.
5A). Also, in frozen sections in these experiments,
strong labeling was found within large vacuoles filled
with densely packed vesicles of intermediate size close
to the cell surface of alveolar type II cells (Fig. 5B).
They did not resemble multivesicular bodies, which are
characterized by internal vesicles of smaller size con-
taining a dense network of membranes that were not
arranged in parallel orientation, as in the case in Epon
sections of lamellar bodies, but were included in
densely packed vesicles. Due to the high lipid content
of the lamellar bodies, the stacked membranes of these
organelles were only exceptionally visible in the cryo-
sections as shown by others (22). Because SP-A was
mainly localized within the large vacuoles containing
many vesicles of intermediate size in thin frozen sec-
tions and within lamellar bodies in Epon sections, we
tentatively conclude that the large vacuoles with the
vesicles of intermediate size corresponded to lamellar
bodies of cryosections. Simultaneous labeling of FITC-
labeled SP-A and LAMP-1 with immunogold prepara-
tions from different species and gold particles did not
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show any colocalization within these organelles at
these early time points.

As pointed out by Young et al. (33), the results from
in vitro studies have to be interpreted with caution and
compared with the in vivo situation. To confirm that
the endocytic pathways and the organelles involved in
our in vitro system were similar to the in vivo situa-
tion, we therefore performed an in vivo instillation
study into intact lung. Significant qualitative differ-
ences between both systems were not detected. As
expected, the alveolar lumen contained significant la-
bel. The same intracellular labeling pattern was found
in the in situ lung as in the in vitro cell system. SP-A
did not label any cell organelles other than the ones
described in our in vitro system. Also, as in the in vitro
system, in the in vivo lung, no colocalization of FITC-
labeled SP-A and LAMP-1 could be found at early time
points (~5 min after internalization).

DISCUSSION

SP-A stimulates lipid uptake by type II cells in vitro
by a complex mechanism that is not well understood
(24, 29). SP-A binds to high-affinity binding sites (re-
ceptors) at the type II pneumocyte cell membrane (15,
32) and has been demonstrated in association with
coated pits and coated vesicles, suggesting receptor-
mediated endocytosis via the coated-pit pathway (19).

SP-A does bind to lipids and in the presence of
calcium causes aggregation of liposomes (6). A model of
SP-A-mediated lipid uptake could therefore be con-
structed in which SP-A first binds to lipids and aggre-
gates liposomes in the extracellular space. On its in-
ternalization via the coated-pit pathway, SP-A would
then take these associated lipids with it.

We chose to test this model with a variety of comple-
mentary techniques. In a first approach, uptake via
coated pits was disturbed by potassium depletion of the
cells.

As described for other cell types (16, 17), potassium
depletion of type II cells leads to a severe reduction in
coated pits and especially in coated vesicles (Table 1).
The influence of potassium depletion on coated-pit for-
mation is only partially understood, involving abnor-
mal clathrin polymerization into nonfunctional micro-
cages (16). The procedure is reversible: on restoring the
normal extracellular potassium content, the intracel-
lular potassium concentration will restore itself, with a
concomitant regain of functions affected by depletion
(see RESULTS).

Our results demonstrate that in potassium-depleted
type II cells, SP-A internalization is drastically re-
duced (Fig. 1), confirming what morphological work
from other groups had suggested (10-12, 19, 33). In-
terestingly, coated-pit depletion also led to inhibition of
SP-A-mediated lipid uptake, even though SP-A was
present in the extracellular space and could still bind
to its receptor. This argues against SP-A simply bring-
ing lipids in close proximity to the cell membrane as
the explanation for the enhanced lipid uptake in the
presence of SP-A as suggested by Horowitz and col-
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Fig. 5. Intracellular localization of endocytosed SP-A in type II pneumocytes. A: electron micrograph (Epon section)
of type II pneumocyte after endocytosis of SP-A. After tracheal instillation of FITC-labeled SP-A for 5 min, Epon
sections of the lung were incubated with the mouse anti-FITC antibody and goat anti-mouse antiserum conjugated
with 12-nm large gold particles. Endocytosed SP-A is indicated by the immunogold particles (arrows). LB, lamellar
body; N, nucleus; M, mitochondria. Bar, 0.1 pm. B: electron micrograph (thin cryosection) of SP-A-containing
vesicles showing a closeup of large vacuolar vesicles containing remnants of smaller vesicles and lamellae after
treatment with a mouse anti-FITC antibody and goat anti-mouse antiserum conjugated with 12-nm large gold
particles as described above. Immunogold particles, indicating endocytosed SP-A, can be seen within the lumen.
Cytosol, nucleus, mitochondria, and multivesicular bodies (MVB) are devoid of label. Mean size of the large
vacuoles is 1.4 um. Bar, 0.1 pm.
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leagues (7, 8). Also, using CLSM, we could confirm in
normal cells that although at 0 min all label is extra-
cellular, after 3- 5 min, considerable amounts of SP-A
and lipid could be found intracellularly in clathrin-
positive vesicles. In contrast, in potassium-depleted
cells, very little of these intracellular surfactant com-
ponents could be seen. Also, the fine cell membrane
lining pattern of the clathrin antibody in potassium-
depleted cells seen in Fig. 3C was clearly different from
that in normal cells. Furthermore, under potassium-
depleted conditions, clathrin did not colocalize with
either lipid or SP-A.

At early time points (=10 min after the start of
endocytosis), SP-A and lipid colocalized with the SP-A-
binding protein BP55 in the same intracellular vesicles
(Fig. 3). In combination, these data are compatible with
the model described above in which lipid and SP-A
internalize as one package via coated pits after binding
to the SP-A receptor.

We could exclude some alternative explanations for
the decrease in uptake of the surfactant components in
potassium-depleted cells. 1) The effect of potassium
depletion on SP-A internalization could not be ex-
plained by differences in SP-A binding or receptor
affinity (see RESULTS). 2) Potassium depletion in some
cell systems also affects other transport processes such
as fluid-phase endocytosis. In our system however,
uptake of the fluid-phase marker Lucifer yellow was
not changed in potassium-depleted cells versus normal
cells. Also, nonspecific lipid uptake was unaltered by
potassium depletion (results not shown). 3) Potassium
depletion inhibits protein synthesis as first shown by
Ledbetter and Lubin (18). To exclude that this would
affect SP-A-mediated uptake, we performed lipid up-
take experiments in the presence of 100 uM cyclohex-
imide, a known protein synthesis inhibitor. We found
no effect on lipid uptake for the first 2 h after addition
of the inhibitor. Therefore, we feel that inhibition of
protein synthesis is not responsible for the effect found.
4) The ATP content of potassium-depleted cells was not
different from that in control cells, suggesting that
depletion of energy stores does not account for the
effect found.

The small amounts of SP-A and lipid still internal-
ized under potassium-depleted conditions despite inhi-
bition of coated-pit function could be due to several
reasons. After potassium depletion, some coated-pit
structures were still detectable by electron microscopy.
Other investigators (20) previously found that potas-
sium depletion will inhibit formation of new coated
pits, but coated pits already formed by the time the
inhibition is started would still be able to internalize,
thus allowing a small amount of ligand to internalize.
Alternatively, a small amount of SP-A and lipid could
also be taken up by pathways other than coated-pit
internalization. As illustrated by Lucifer yellow up-
take, under potassium-depleted conditions, endocytic
pathways other than clathrin-mediated uptake are
clearly functioning. Previously, Wissel et al. (29)
showed that in our cell system a small fraction of lipid
is taken up by one or more pathways that are not
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specific and not energy dependent. Uptake via these
pathways takes place simultaneously with SP-A-medi-
ated uptake and is not influenced by potassium deple-
tion (see RESULTS). The extent of lipid internalization
remaining under potassium depletion can be accounted
for by these pathways. Caveola-mediated uptake
seems unlikely because we could not detect caveolin-1
in freshly isolated type II cells (results not shown). The
exact identity of these alternative pathways therefore
remains unclear.

Our data are in contrast to those of Horowitz and
colleagues (7, 8), who suggested that SP-A did not have
an effect on lipid uptake or even had an adverse effect.
The reasons for this difference are not clear, but there
are several methodological differences between our
system and that of Horowitz and colleagues, such as
the cell type used (freshly isolated versus adherent
cells or cell lines), the liposomes used (small unilamel-
lar vesicles versus multilamellar vesicles; lipid compo-
sition), and the procedure used to prepare SP-A. In
previous experiments on lipid uptake, corroborated by
preliminary experiments on SP-A uptake (results not
shown), Wissel et al. (29) found that in their hands,
type II cells kept on plastic in culture for 18 h lost their
ability to endocytose both components and also de-
graded substantially more internalized lipid. Also, in
previous work, we found that simply washing the cells
with medium did not remove ~80% of the total cell-
associated label, which could be removed by more effi-
cient procedures such as back exchange or washing
with EDTA and fatty acid-free BSA. We therefore feel
it is possible that material adhering to the cell mem-
brane would falsify a correct estimation of internaliza-
tion.

The identity of the vesicles involved in surfactant
endocytosis is not absolutely clear. In Epon sections,
most lamellar bodies but no other organelles contained
significant gold particles (i.e., FITC-SP-A) at time
points < 10 min after administration. With the same
experimental conditions in frozen sections, FITC-SP-A
up to 10 min after its administration was mainly local-
ized within large vacuoles containing many vesicles of
intermediate size. The results, therefore, would sug-
gest that the vacuoles containing the densely packed
vesicles correspond to the lamellar bodies visible in
Epon sections in accordance with previously published
work (26), demonstrating that the fine structure of
lamellar bodies differs between Epon and thin frozen
sections. In Epon sections, the dense network of mem-
branes of lamellar bodies is arranged in a parallel
orientation. In cryosections, they appear as densely
packed vesicles.

It is intriguing, however, that the vesicles, which
contained endocytosed SP-A at early time points, were
not only EEA1 positive but also LAMP-1 negative as
shown by CLSM and immunoelectron microscopy and
were supported by the subcellular fractionation results
(Table 2). This, therefore, would suggest that they are
early endosomes and not lamellar bodies, which are
reported to have late endosomal/lysosomal markers.
Wasano and Hirakawa (27) found LAMP-1 on the lim-
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iting membrane of lamellar bodies. However, the weak
labeling intensity demonstrated in that report may
still be compatible with an early endosomal nature of
the stained vacuoles. Furthermore, the vacuoles pre-
sented in that earlier study did not show the typical
morphology of lamellar bodies due to the use of cryo-
sections and were not labeled by endocytosed SP-A as
performed in our experiments. Voorhout et al. (26)
demonstrated on thin cryosections that biosynthetic
SP-A and the lysosomal membrane protein CD63 colo-
calize within multivesicular bodies as well as within
empty vacuoles, which they suggested to be lamellar
bodies (26). In our experiments, endocytosed SP-A at
early time points was targeted to LAMP-1-negative
large vesicles. The results of our subcellular fraction-
ation experiments would suggest that these early-la-
beling vesicles are contained within the 0.22—0.32 and
0.33-0.48 M fractions, therefore overlapping with the
lamellar body-containing fractions found at 0.33—0.58
M. Alternatively, it is also possible that these vesicles
might represent a different subpopulation of lamellar
bodies containing endocytosed material existing next
to another population of LAMP-1-positive lamellar
bodies containing de novo synthesized SP-A as compo-
nents of the secretory pathway. Previous work by oth-
ers (26, 28) has indeed suggested that lamellar bodies
might possess properties of both the biosynthetic and
endocytic pathways. Whether and when these two pop-
ulations meet and possibly fuse with each other is not
known yet. More conclusive evidence must be obtained
to prove this hypothesis.

Our in vitro results were confirmed by in vivo instil-
lation studies in intact lungs. Significant qualitative
differences between both systems were not detected.
SP-A uptake in the in vivo rat lung system, however,
was quantitatively somewhat more pronounced as
judged from the amount of label found in the type II
cells (results not shown). The time course and labeling
patterns in our study are in agreement with previously
published electron-microscopic work by Young and col-
leagues (33, 34).

The recent characterization of mice in which the
SP-A gene was inactivated (13) seems in contrast to the
in vitro findings described here, which would suggest
some role for SP-A in the regulation of surfactant
homeostasis. The SP-A knockout mice show no obvious
disturbance of surfactant pool sizes. However, this does
not argue against a role for SP-A in type II cell surfac-
tant metabolism. Although the knockout model will tell
what the organism can do without the protein that is
ablated, it does not necessarily say much about the
function of the protein itself. Also, as in other knockout
models, the genetic background of the mice chosen may
be important, e.g., different epidermal growth factor
receptor knockout mice show very different phenotypes
depending on the genetic background (21, 23). Third, it
is well possible that redundant mechanisms compen-
sating for the lack of SP-A exist. Last, the knockout
model up to now has been used to describe overall
surfactant homeostasis to which several cell types in
addition to type II cells (e.g., macrophages) contribute.

PATHWAYS OF SURFACTANT ENDOCYTOSIS

Those experiments, therefore, do not rule out a local
role for SP-A on type II cells. Clearly, much more work
needs to be done in vivo as well as in vitro to properly
characterize the physiological regulation of surfactant
metabolism.

In summary, the present study demonstrates the
following points: 1) SP-A and lipids are internalized via
the coated-pit or coated-vesicle pathway, and 2) at
early time points, they are colocalized in the same
intracellular vesicles the bear early endosomal mark-
ers. The processes of surfactant reuptake and recycling
could be of biological and therapeutic significance.
They might allow the lung to rapidly replenish its
limited pools without having to resort to de novo syn-
thesis, which is time consuming and energy expensive.
More insight into the mechanisms involved will lead to
more optimal surfactant substitution therapies in pre-
mature infants and adults with respiratory distress as
well as to possibly more effective ways of introducing
drugs and genes into the lung.
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