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Abstract
Alveolar type II (ATII) cells produce surfactant and
release it into the alveolar space via exocytosis of
lamellar bodies (LBs). On the other hand, various
forms of endocytosis take place, enabling the recy-
cling of surfactant as well as of integral membrane
proteins to the LB. Here we investigated the traffick-
ing of protein and lipid components of plasma mem-
brane between the plasma and limiting LB membrane
by over-expressing lysosomal associated membrane
protein 3 fused to green fluorescence protein (LAMP-
3-GFP) and farnesylated DsRed (DsRed-Farn).
LAMP-3-GFP was homogenously distributed over the
entire limiting LB membrane, whereas DsRed-Farn
predominantly accumulated at the plasma membrane.
However, in a minor LB fraction, DsRed-Farn was also
found in discrete domains at its limiting membrane.
Upon stimulation of ATII cells with secretagogues, the
area of DsRed-Farn domains on LB surfaces in-
creased 2 to 4 fold within 20 minutes of stimulation.
This increase remained unaffected by phenylarsine

oxide, an inhibitor of clathrin-dependent endocyto-
sis, but was almost abolished by filipin and indometh-
acin, blockers of clathrin-independent endocytosis.
It was also blocked by bafilomycin A1, wortmannin
and LY294002, inhibitors of intra-cellular vesicular
transport. We conclude that secretagogues facilitate
the transport of plasma membrane components to
LBs via a clathrin-independent vesicular transport
pathway.

Introduction

The retrieval and recycling of plasma membrane is
believed to be an essential step during biogenesis of
exocytotic granules in exocrine cells [1]. In ATII cells,
exocytosis of lamellar bodies (LBs) accounts for the se-
cretion of surfactant phosholipids and the lipophilic sur-
factant proteins B and C into the alveolar lumen.

The surfactant lines the alveolar space as a thin sur-
factant film and reduces surface tension and hence ena-
bles inhalation of an appropriate air volume and prevents
alveolar collapse. Besides the surfactant release, ATII
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cells also play a major role in clearance of lipids and sur-
factant from the alveolar space [2]. They were shown to
incorporate extracellular lipids and surfactant associated
proteins predominantly via clathrin-dependent pathways
[3]. More recent studies showed that clathrin-independ-
ent endocytotic pathways might also be involved in the
re-uptake of surfactant [4, 5].

After endocytosis of surfactant from the alveolar
space, lipids and proteins are transported differently. Sur-
factant protein A (SP-A), for example, recycles via early
and recycling endosomal organelles and the major frac-
tion of endocytosed SP-A is re-secreted [6, 7]. On the
other hand only a minor fraction of endocytosed lipids
are re-secreted directly [6]. The lipids are destined pri-
marily to LBs [4], and therefore surfactant uptake by
ATII cells is not only involved in surfactant clearance
from the alveolar space, but is also part of surfactant
recycling. This recycling pathway covers only surfactant
components, which are released by exocytosis from ATII
cells.

Recycling not only involves secretory products, but
also integral proteins of the limiting LB membrane: For
example, surfactant secretagogues stimulate the trans-
fer of the lipid transporter ABCA3 from the LB mem-
brane to the cell surface and vice versa [8, 9]. This re-
cycling pathway is clathrin-independent and is therefore
different from the one, which was described for surfactant
recycling from extracellular space [3-5].

The recycling of lipidic membrane components
between the plasma and LB membrane, respectively, is
yet unexplored. We used Ds-Red fusion protein with
putative motif for farnesylation (DsRed-Farn). Since
protein farnesylation is accompanied by the incorporation
of protein to the inner leaflet of the plasma membrane
[10, 11] the over-expressed fusion protein is a specific
marker of the inner plasma membrane leaflet. We show
here that DsRed-Farn is internalized upon secretagogue
stimulation of ATII cells via clathrin-independent
endocytosis. In addition, we demonstrate that incorporated
plasma membrane is not internalized into the LB lumen
but becomes part of the limiting LB membrane and forms
distinct domains.

Materials and Methods

Generation of recombinant adenoviruses
Lamp-3 cDNA from rat were obtained from the resource

centre and primary data base (RZPD, Berlin, Germany, clone
IRBPp993D126D2). Vectors pDsRed-Monomer-F and pEGFP1-

N1 were obtained from Clontech (Saint-Germaine-en-Laye,
France). Vectors pDONR221 and pAd/CMV/V5-DEST were
purchased from Invitrogen (Karlsruhe, Germany).

cDNA encoding DsRed-Farn were amplified from the vec-
tor pDsRed-Monomer-F using the primers DsRed-Farn-F2  (GGG
GAC AAG TTT GTA CAA AAA AGC AGG CTT CGT CAG
ATC CGC TAG CGC TAC CGG) and DsRed-Farn-R2 (GGG GAC
CAC TTT GTA CAA GAA AGC TGG GTC AGC TTG AGC TCG
AGA TCT GGA TCC) using standard PCR methods. After iso-
lation of PCR products, amplified cDNA were introduced into
pDONR221 by in-vitro recombination using BP-clonase II en-
zyme mix (Invitrogen, Karlsruhe, Germany) and cloned in E.
coli OmniMaxTM2-T1R (Invitrogen, Karlsruhe, Germany). There-
after, DsRed-Farn cDNA was transferred into adenoviral ex-
pression vector pAd/CMV/V5-DEST by in-vitro recombina-
tion using LR-clonase II enzyme mix (Invitrogen, Karlsruhe,
Germany) and recombination products were cloned in E. coli
OmniMaxTM2-T1R (Invitrogen, Karlsruhe, Germany).

Multiple cloning site (MCS) and coding region of EGFP
were amplified from plasmid pEGFP-N1 using primers
MCSgfp-F1 (GGG ACA AGT TTG TAC AAA AAA GCA GGC
TAT GCT GCT AGC GCT ACC GGA CTC AG) and MCSgfp-R1
(GGG GAC CAC TTT GTA CAA GAA AGC TGG GTA TTT
ACT TGT ACA GCT CGT CC) by standard PCR techniques.
PCR products were introduced into pDONR221 by in-vitro re-
combination using BP-clonase II enzyme mix (Invitrogen,
Karlsruhe, Germany) and cloned in E. coli OmniMaxTM2-T1R

(Invitrogen, Karlsruhe, Germany). Lamp-3 cDNA were ampli-
fied by standard PCR protocols using primers lamp-3-R3 (GGC
GAC CGG TGG ATC GAT TCT CTG GTA TGC AGA TGA CTG
ACG C) and lamp-3-F3 (GGA CTC AGA TCT CGA GAT GCC
TGG GCA GAC CTC TGC AGT AG CTG). PCR products and
recombinant plasmid pDONR221 containing MCS and EGFP-
N1 were cleaved by restriction endo nucleases XhoI and BamHI
(Fermentas, St. Leon-Rot, Germany) and recombined thereafter
using T4-Ligase (Fermentas, St. Leon-Rot, Germany). Ligation
products were cloned into E. coli XL1-blue (Stratagene,
Waldbronn, Germany). cDNA encoding lamp-3-GFP fusion pro-
tein was integrated into adenoviral expression Vector pAd/
CMV/V5-DEST by in-vitro recombination using LR-clonase II
enzyme mix (Invitrogen, Karlsruhe, Germany) and recombina-
tion products were cloned in E. coli OmniMaxTM2-T1R

(Invitrogen, Karlsruhe, Germany).
Recombinant adenoviral expression vectors were isolated

from E. coli cells using QIAGEN plasmid midi kit (Qiagen,
Hilden, Germany). Plasmids were linearised using restriction
endo nucleases PacI (New England Biolabs, Frankfurt, Ger-
many). Linearised plasmids were transfected into 293A cells
(Invitrogen, Karlsruhe, Germany) using Lipofectamine 2000
(Invitrogen, Karlsruhe, Germany) without further purification
directly after heat inactivation of PacI. Transfected cells were
cultivated for 5 to 8 days and virus particles were isolated
using ViraBind Adenovirus purification kit (Cell Biolabs,
Heidelberg, Germany) according to manufacturer’s protocol.
Virus particles were eluted in elution buffer (Cell Biolabs,
Heidelberg, Germany), and stored in elution buffer containing
10% glycerol in aliquots at -80°C.
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Isolation and cultivation of ATII cells
Alveolar type II (ATII) cells were isolated from male

Sprague-Dawley rats as described previously [12]. Animals of
180 to 200 g weight were anesthetized, treated with heparin,
and lungs were cleared by perfusion. After lung lavage with
wash solution I (phosphate buffered saline solution (PBS) con-
taining 10 mM HEPES, 0.2 mM EGTA, 5 mM Glucose, pH 7.4)
followed by wash solution II (PBS buffer containing 10 mM
HEPES, 0.2 mM EGTA, 1.3 mM MgSO4, 5 mM Glucose, pH 7.4),
lungs were instilled twice with wash solution II containing
elastase (30 U/ml) and trypsin (2 mg/ml) and incubated at 37°C.
Protease reaction was stopped by mincing lungs in the pres-
ence of DNase and fetal calf serum (FCS) and cell suspension
was sequentially filtered through cotton gauze and nylon
meshes (150-, 20-, and 10-µm mesh size). Cells were pelleted by
centrifugation at 130 x g for 8 min and resuspended in DMEM.
Macrophages were removed by panning cell suspension to
IgG coated Petri dishes at 37 °C. The unattached cells were
removed, pelleted by centrifugation and resuspended in DMEM
with 10% FCS, 100 units/ml penicillin, 100 µg/ml streptomycin,
and 24 mM NaHCO3 (growth medium) and seeded on µ-dishes
(ibidi, Germany) at a density of 40 cells per mm2. Cells were
transfected directly after seeding with recombinant
adenoviruses (5x 105 PFU) and cultivated for two days.

Endocytosis assay
For time lapse experiments, ATII cells were washed twice

with control solution (c-sol in mM: 140 NaCl, 5 KCl, 10 HEPES,
1 MgCl2, 2 CaCl2, pH 7.4) and were mounted onto confocal
microscope (described below). Experiments were performed at
room temperature (21°C - 24°C). Images of unstimulated cells
were taken at the beginning of each experiment. Afterwards
cells were either stimulated by ATP (final concentration 100
µM, Sigma-Aldrich, Steinheim, Germany) or phorbol-12-
myristat-13-acetate (PMA, final concentration 0.1 µM, Sigma-
Aldrich, Steinheim, Germany) together with ionomycin (final
concentration 5 µM, Sigma-Aldrich, Steinheim, Germany) or
by PMA (0.1 µM) together with ionomycin (5 µM) and ATP
(100 µM). Control cells were treated in a similar way, but re-
mained unstimulated. Images were obtained 5 min, 10 min, 20
min and 30 min after application of drugs.

For testing blockers of endocytosis, cells were pre-incu-
bated 20 min in a humidified incubator at 37°C and 5% CO2 in
growth medium either with 10 µM filipin, 300 µM indomethacine,
0.1 µM bafilomycin A1, 1 µM wortmannin, 70 µM LY294002 or
2 µM phenyl arsine oxide (PAO). Thereafter, cells were stimu-
lated for 30 min by adding ATP (100 µM) to the growth medium
and washed twice with control solution directly before investi-
gation.

Immunostaining of EEA1
To combine DsRed-Farn labelling with early endosomal

associated protein EEA1 immunostaining, isolated AT II cells
were cultivated on 18-well µ-slide (ibidi, Germany) and
transfected with DsRed-Farn. Depending upon the experimen-
tal setup cells remained untreated, or were pre-incupated at
37°C and 5% CO2 in a humidified incubator with 1 µM
wortmannin in growth medium for 30 min. Afterwards, cells

were stimulated with 100 µM ATP in growth medium and were
incubated in a humidified incubator. Control cells remained
unstimulated. For EEA1 immunostaining the cells were washed
with growth medium without FCS, then fixed in phosphate buff-
ered saline (PBS; Biochrom AG, Berlin, Germany) containing
4% paraformaldehyde for 4 min and washed repeatedly with
PBS, SLO-buffer (25 mM Hepes-KOH, pH 7.4, 115 mM potas-
sium acetate, 2.5 mM MgCl) and SLO-buffer including 1mM
Dithiothreitol (DTT, Plusone® Pharmacia Biotech, Uppsala,
Sweden). For permeabilisation, cells were incubated 1 U/ml
streptolysin in SLO-buffer with 1 mM DTT for 30 min at 37°C.
After several washings with PBS the unspecific binding sites
were blocked with 7% FCS in PBS for 1 h, followed by PBS
washing. Afterwards, cells were incubated with 1:200 diluted
rabbit anti-Early Endosomal Antigen 1 (N-terminal) primary
antibody (Sigma-Aldrich, Steinheim, Germany) for 2 h at room
temperature. Unbound antibody was washed away with PBS
and cells were incubated with secondary antibody (Alexa Fluor
488 goat anti-rabbit IgG, Invitrogen, Karlsruhe, Germany) for 1
h at room temperature. Finally, cells were washed with PBS and
incubated at 4°C over night in PBS.

Confocal Microscopy
A multi-beam confocal microscope (Visitron Systems

Puchheim, Germany) was used to image ATII cells. This sys-
tem included a Zeiss Meta LSM microscope with a 488 nm
excitation laser combined with a 500-530 nm emission filter for
detecting LAMP-3-GFP and Alexa 488 fluorescence labelled
secondary antibody against α-EEA1 and a 543 nm excitation
laser combined with a LP 560 nm emission filter for detecting
DsRed-Farn. The setup also consisted of a Photometrics®
Cascade II 512 camera (Photometrics, Tuscon, USA) and a
planapochromate 100x oil immersion objective. A vtInfinity-2D
confocal scanner (Visitron Systems GmbH) was used in combi-
nation with MetaMorph software (Visitron Systems GmbH,
Pucheim, Germany).

Image analysis
Z-section reconstruction of images was done by

MetaMorph Software. For image analysis the latest version of
ImageJ (National Institute of Health, USA, http://
rsb.info.nih.gov/ij) was used. The analysis was carried out as
described previously [13]. Briefly, images were converted into
8 bit grey scale images. A region of interest (ROI) was manually
drawn around the perimeter of clustered LBs. Background was
estimated for each image individually as mean grey intensity
over a representative area and was subtracted afterwards. In-
tensity gradients were highlighted by filtering the image with a
Laplacian operator. The new gradient image was smoothed in
order to filter out any noise speckling using a 3 x 3 mean filter
and a binary image was generated by adjusting the threshold
to prominent fluorescent particles. This procedure was carried
out for each fluorescence channel separately. Areas of over-
lapping green and red fluorescence were estimated after com-
bining the binarised images for green and red fluorescence
channel by the boolean AND-function. The resulting pixels
from this operation which are located inside the ROI represent
areas on LB’s surface of overlapping green and red fluores-

Membrane Trafficking in ATII Cells Cell Physiol Biochem 2010;25:81-90
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cence. Since the number of LBs per cell as well as the size of
LBs vary, the red and green fluorescent area at the LB perim-

Fig. 1. LAMP-3-GFP and DsRed-Farn over-expression in ATII cells. A) Merged image of a representative ATII cell over-
expressing LAMP-3-GFP (green fluorescence) and DsRed-Farn (red fluorescence). DsRed-Farn predominantly localizes at the
plasma membrane, whereas LAMP-3-GFP accumulates at the limiting membrane of LBs. Arrowheads indicate LBs, which express
DsRed-Farn and LAMP-3-GFP at their surfaces. B, C) Images of green and red fluorescence channel respectively. D) Magnified
view of LBs depicted by arrowheads in A to C.

Fig. 2. Representative time lapse experiments of single ATII cells expressing DsRed-Farn and LAMP-3-GFP. Merged images are
shown together with the images for each fluorescence channel (small insets: green = LAMP-3-GFP, red = DsRed-Farn). Binarised
images for both red and green fluorescence channels were merged and shown as RGB images on the right hand side. A) Control
cells (C = control solution at the beginning of the experiment, time points = time after adding additional control solution to the
extracellular solution) B) Cells stimulated simultaneously with ATP (C = control solution at the beginning of the experiment, time
points = time after adding ATP to the extracellular solution). Arrowheads highlight representative regions of increasing red
fluorescence on LB’s surface.

A) B) C) D)

Albrecht/Usmani/Dietl/Wittekindt

eter were normalised to the green fluorescent area at LB’s out-
line according to the following equation RPA = N(red+green)/N(green)

Cell Physiol Biochem 2010;25:81-90
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with RPA as the relative pixel area, N(red+green) as pixel number of
red and green fluorescence and N(green) as number of pixels with
green fluorescence.

Results

Heterologous over-expression of LAMP-3-GFP
and DsRed-Farn
ATII cells over-expressing fusion protein DsRed-

Farn showed an accumulation of red fluorescence signal
at the plasma membrane, whereas LAMP-3-GFP over-
expression resulted in a green fluorescence signal local-

Fig. 3. Bar diagram represents relative pixel areas versus time
from time lapse experiments. Relative pixel areas were meas-
ured as described in image analysis. Data are given as mean
values ± SD. A) Control B) ATP C) ionomycin and PMA, D)
ATP, ionomycin and PMA.

Fig. 4. Effect of blockers of endocytosis on ATP-induced
DsRed-Farn uptake. For representative experiments merged
images are shown together with the images for each single
fluorescence channel (small insets: green = LAMP-3-GFP, red
= DsRed-Farn). Binarised images for both red and green fluo-
rescence channels were merged and shown as RGB images on
the right hand side. Control = unstimulated control cells, ATP =
cells after ATP stimulation for 30 min, ATP PAO = cells treated
with phenyl arsine oxide for 20 min prior to ATP stimulation in
the presence of PAO, ATP filipin = cells treated with filipin 20
min prior to ATP stimulation in the presence of filipin, ATP indo
= cells treated with indomethacin 20 min prior to ATP stimula-
tion in the presence of indomethacin, ATP bfa A1 = cells treated
with bafilomycin A1 20 min prior to ATP stimulation in the
presence of Bafilomycin A1, ATP wort = cells treated with
wortmannin 20 min prior to ATP stimumlation in the presence
of wortmannin, ATP LY = cells treated with LY294002 20 min
prior to ATP stimulation in the presence of LY294002.

Membrane Trafficking in ATII Cells Cell Physiol Biochem 2010;25:81-90
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in control cells at the beginning of experiment and did not
change significantly even after 30 min (0.11 ± 0.07, N =
9). However, when cells were stimulated with
secretagogues, RPA increased steadily over time and
reached a steady state after 10 min to 20 min of stimula-
tion. ATP led to an RPA increase from 0.07 ± 0.05 be-
fore ATP application to 0.21 ± 0.02 after 30 min of ATP
stimulation (N = 9). RPA increased from 0.11 ± 0.1 to
0.31 ± 0.1, N = 6 after 30 min stimulation with ionomycin
+ PMA and from 0.16 ± 0.07 to 0.43 ± 0.1, N = 7 after 30
min exposure to ATP + ionomycin + PMA. In the inves-
tigated cell populations, RPA did not differ at time point 0
(before secretagogue application) when compared with
each other or to control cells. After 30 min of stimulation,
the difference in RPA was found to be highly significant
when the investigated populations of stimulated cells were
compared to control cells (students’ t-test: 1.6 exp-4 for
ATP vs. control, 0.017 for PMA + ionomycin vs. control
and 5.1 exp-5 for ATP + ionomycin + PMA vs. control).
These results indicate that secretagogue stimulation leads
to DsRed-Farn accumulation on LBs.

Pathways of DsRed-Farn uptake by LBs
The translocation of the transporter ABCA3 from

the cell surface to LBs was recently shown to depend on
clathrin-independent endocytosis [9] and suggests that
the uptake of the fluorescent fusion protein DsRed-Farn
by LBs follows a similar mechanism. Since ATP is physi-
ologically the most relevant secretory stimulus, we in-
vestigated the effect of blockers of endocytosis on DsRed-
Farn uptake upon ATP stimulation. Cells were incubated
in the presence of ATP with several blockers of clathrin-
dependent as well as -independent endocytosis (Fig. 4),
and the DsRed-Farn uptake was quantified by determi-
nation of the RPA (Fig. 5) as described above. RPA was
0.16 ± 0.1 (N = 73) under control conditions and 0.31 ±
0.11 (N = 69) after 30 min of ATP stimulation. In order to
test, if clathrin-dependent endocytotic pathways are in-
volved in DsRed-Farn uptake by LBs, ATII cells were
stimulated in the presence of 2 µM phenylarsine oxide
(PAO), an inhibitor of clathrin-dependent endocytosis [16-
18]. In these cells RPA was 0.34 ± 0.14 (N = 54), which
was not different from the RPA observed in ATP stimu-
lated cells.

In contrast to PAO, filipin and indomethacin, both
blockers of clathrin-independent endocytosis [19-21],
abolished ATP induced uptake of DsRed-Farn by LBs
almost completely (RPA 0.1 ± 0.09, N = 24 for filipin and
0.16 ± 0.1, N = 18 for indomethacin). Thus the uptake of
DsRed-Farn depends on clathrin-independent endocyto-

Fig. 5. Bar diagram represents relative pixel area RPA from
experiments shown in Fig. 4. Data points are given as mean ±
SD.

ised to the limiting membrane of LBs (Fig. 1). This stain-
ing pattern is consistent with the known targeted protein
localization to LB and plasma membrane, respectively
[14]. Both membrane compartments could be distin-
guished by their different fluorescent signals. However,
in most cells a minor fraction of LBs exhibited both fluo-
rescence fusion proteins at their limiting membrane. In
these LBs the red fluorescence signal appears to localise
at discrete areas at LB’s surface rather than being equally
distributed over the entire LB’s membrane (Fig. 1D).

Secretagogues increase the amount of LBs la-
belled with DsRed-Farn
In order to test, if the accumulation of DsRed-Farn

to LB’s membrane is due to a regulated internalization of
the red fluorescent fusion protein, we performed time
lapse experiments using multi-beam confocal microscopy.
In these experiments, ATII cells over expressing both
LAMP-3-GFP and DsRed-Farn were stimulated with the
secretagogues ATP or PMA + ionomycin or ATP +
ionomycin + PMA. There was no significant increase of
red fluorescence in control cells (Fig. 2A), whereas
stimulation with secretagouges resulted in an increase of
red fluorescence on the surface of LBs (example for
ATP stimulation is given in Fig. 2B). Stimulation with ATP
+ ionomycin + PMA resulted in the fastest and strongest
increase, consistent with the observation that this
secretagogue is the most potent stimulation for LB
exocytosis [15].

The accumulation of DsRed-Farn at the LB surface
was measured in representative z-sections as pixels of
overlapping red and green fluorescence at the limiting
membrane of LBs and quantified as relative pixel area,
RPA (Fig. 3). RPA was found to be 0.10 ± 0.05 (N = 9)

Albrecht/Usmani/Dietl/WittekindtCell Physiol Biochem 2010;25:81-90
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Discussion

Surfactant recycling from alveolar space is a well
studied mechanism and was recently shown to depend
on clathrin-dependent endocytosis [3-5]. Internalized sur-
factant protein A is predominantly transported back to
the plasma membrane for resecretion, whereas lipids
translocate to LBs [4, 6, 7]. In a recent study it was shown
that proteins localized at the limiting LB membrane ap-
pear at the plasma membrane and are internalized after-
wards, which was interpreted as a recycling of the limit-
ing LB membrane after exocytosis [9].

However, it is unclear if the translocation of proteins
between the plasma membrane and the LB membrane is
a selective process that involves specific proteins exclu-
sively, or if plasma membrane components are
translocated in a less organized way, including lipid-an-
chored components as well.

To address this question we transiently over ex-
pressed LAMP-3 as a green fluorescent fusion protein
(LAMP-3-GFP) in combination with a red fluorescent
protein extended by a peptide motif for protein
farnesylation (DsRed-Farn). The over-expressed LAMP-
3-GFP was distributed over the entire limiting membrane
of LBs as previously shown [14]. LAMP-3 is also de-
scribed as CD63 and was shown to accumulate at inner
membranes of late or multi-vesicular endosomes but also
to secretory organelles like Weibel-Palate bodies [27] and
secretory lysosomes [28]. In ATII cells LAMP-3/CD63
was shown to co-localize with the LB membrane marker
ABCA3 [29]. Therefore, the observed LAMP-3-GFP
localization to the LB membrane is in good agreement

Fig. 6. Immunostaining of EEA1 in
DsRed-Farn expressing ATII cells.
Green fluorescence indicates the dis-
tribution of early endosomal antigen 1
(EEA1), red fluorescence corresponds
to DsRed-Farn. A) Unstimulated con-
trol cells, B) ATII cells after 30 min ATP
stimulation (arrow heads highlight
granules at which DsRed-Farn and
EEA1 colocalize), C) Wortmannin
treated unstimulated cells, D)
Wortmannin treated cells after 30 min
ATP stimulation.

sis. Compounds, which impair intracellular trafficking,
were also effective in inhibiting the accumulation of
DsRed-Farn on LB’s surface. The treatment of cells with
bafilomycin A1, an inhibitor of the vacuolar H+-ATPase
[22], abolished ATP induced DsRed-Farn uptake (RPA :
0.12 ± 0.06, N = 20). Also wortmannin and LY294002,
both inhibitors of type III phosphatidylinositol 3-kinase
[23-25], blocked DsRed-Farn translocation to LB´s sur-
face (RPA 0.16 ± 0.1, N = 35 for wortmannin and 0.17 ±
0.1, N = 42 for LY294002). These results give evidence
that the translocation of DsRed-Farn from the plasma
membrane to LB depends on vesicular transport proc-
esses.

Uptake of DsRed-Farn into endosomal compart-
ments
In order to elucidate the fate of endocytosed DsRed-

Farn, we performed immunocytochemical experiments
in DsRed-Farn over-expressing ATII cells. In these ex-
periments, we labelled early endosomal compartments
using an antibody against the early endosomal associated
protein EEA1 [26]. In non-stimulated ATII cells EEA1
staining resulted in a diffuse fluorescence pattern in the
cytoplasm (Fig. 6A). The stimulation with ATP for 30
min caused an increase in number and size of EEA1 posi-
tive vesicular structures compared to control cells (Fig.
6B). ATP stimulation also caused a localization of DsRed-
Farn to some EEA1 positive granules (Fig. 6B), which
was never observed in control cells. The ATP induced
localisation of DsRed-Farn to EEA1 positive granules was
significantly diminished by pre-treatment of cells with
wortmannin (Fig. 6D).

Membrane Trafficking in ATII Cells Cell Physiol Biochem 2010;25:81-90
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with previous studies and can be used as a marker for
the limiting membrane of LBs in living alveolar type II
cells. The over-expression of DsRed-Farn was used to
label the inner leaflet of the plasma membrane of the
cell. Farnesylation of proteins occurs as a posttranslational
protein modification [30, 31]. As a result of this modifica-
tion, the protein is anchored to the inner leaflet of the
plasma membrane, whereas the unmodified precursors
remain in the cytoplasm and were not associated with
any membrane [10, 11]. Thus, DsRed-Farn fusion pro-
teins specifically label the inner leaflet of the plasma
membrane.

Our experiments revealed that in DsRed-Farn over-
expressing cells, a minor fraction of LBs showed a dis-
tinct area of red fluorescence on their limiting membrane,
indicating the association of DsRed-Farn to the LB sur-
face. Since it has been shown that protein farnesylation
is accompanied by the coupling of the protein to the inner
leaflet of the plasma membrane [10, 11, 30, 31], the cap-
ping of LBs by DsRed-Farn must be preceded by its trans-
location together with plasma membrane components.
One might argue that the increase of relative pixel area
(RPA) reported here could also be due to the fact that
LAMP-3-GFP positive LBs are secreted in response to
secretagogue stimulation, preceeding an increased up-
take of DsRed-Farn by LBs, since this would also de-
crease the number of green fluorescent pixels to which
the area of overlapping fluorescence was normalized.
However, this possibility can be ruled out because stimu-
lated LB exocytosis occurs only in a minor fraction of
cells [32], in contrast to the reliable capping of LBs with
DsRed-Farn. We were unable to detect significant
amounts of LAMP-3 fluorescence at the plasma mem-
brane after stimulation with secretagogues, indicating that
this loss of green fluorescence from the LB membrane
will only account for a minor over estimation of DsRed-
Farn transport rate in stimulated ATII cells.

In order to test the effect of blockers of endocytosis
on DsRed-Farn uptake in a standardized way, we meas-
ured RPA after 30 min of ATP stimulation, because this
resulted in an approximately twofold increase of RPA.
Phenyl arsine oxide (PAO) was shown to block clathrin-
dependent endocytosis by cross-linking clathrin subunits
[16-18]. In our experiments PAO was ineffective to block
DsRed-Farn accumulation on LB surfaces, suggesting
that ATP stimulated DsRed-Farn translocation is not
clathrin-mediated. In contrast to PAO, filipin and indometh-
acin both effectively blocked ATP-induced DsRed-Farn
capping of LBs. Filipin is reported to disrupt cholesterol
rich membrane domains, which are essential for the

caveolae formation [19, 20]. Indomethacin in turn is known
to block the release of caveolae from the plasma mem-
brane [21]. However, several reports stated that caveolin-
1 is not expressed in ATII cells [3, 33]. Since caveolin-1
is essential for caveolae dependent endocytosis [34],
caveolin-1 dependent mechanism of endocytosis can be
presumed to be absent in ATII cells [3]. Therefore, it is
unlikely that indomethacin acted by inhibition of this path-
way. However, clathrin and caveolin independent endo-
cytosis, which depends on cholesterol, has been reported
as well [35]. These endocytotic pathways are sensitive
to indomethacin [36]. Filipin also inhibits these choles-
terol dependent pathways, most likely via cholesterol se-
questration [35]. Thus it appears that LB capping by
DsRed-Farn depends on plasma membrane uptake via
clathrin and caveolae independent endocytosis. A similar
uptake mechanism was recently described for ABCA3
recycling [9]. Interestingly, the induced membrane traf-
ficking resulted in the accumulation of DsRed-Farn to
discrete areas at LB surface and not in its random distri-
bution over the entire limiting LB membrane. This impli-
cates domain formation at LB surface of internalized
plasma membrane components.

Endocytosed cargo is targeted to the early endosome,
where it is designated for recycling to the plasma mem-
brane and separated from others which have to be proc-
essed via endosomal/lysosmal pathways. Endocytosed
surfactant protein A is separated from lipidic surfactant
components before entering early endosome [7] and sent
for resecretion back to the plasma membrane, whereas
the lipidic surfactant content is further processed via
endosmal/lysosomal pathways. Bafilomycin A1 was
shown to prevent acidification of endosomal compart-
ments by blocking vacuolar proton ATPases [22]. The
vacuolar acidification in early endosomal organelles is con-
sidered essential for protein sorting [37]. By preventing
early endosomal acidification, bafilomycin A1 prevents
not only early endosomal sorting but also blocks the trans-
port of endocytosed compounds to late endosomal
organelles, whereas the uptake of particles into cells re-
mains unaffected [38]. Here we report that bafilomycin
A1 blocks the DsRed-Farn capping of LB. This result
implies that the translocation of DsRed-Farn to LB sur-
face depends on uptake and an appropriate processing in
early endosomal compartments. We also demonstrate
here that wortmannin and LY294002 both block the trans-
location of DsRed-Farn to LBs and we show that ATP
induces the accumulation of EEA1 to DsRed-Farn posi-
tive vesicular compartments. This is in contrast to inter-
nalized ABCA3 proteins, which were reported not to co-
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localize with EEA1 positive early endosome [7]. Thus,
the internalized DsRed-Farn is processed seperately from
ABCA3 proteins, which were recently discussed as a
marker for LB membrane turnover [9, 39], which gives
evidence that plasma membrane is transported differently
from LB membrane components.

The EEA1 accumulation was abolished by
wortmannin. Type III phosphatidylinositol 3-kinase inhibi-
tors like wortmannin and LY294002 were shown to im-
pair the accurate transport and processing of internalized
material at different points along the endosomal/lysosomal
transport route [23-25, 40, 41]. Wortmannin was recently
shown to prevent homotypic fusion of early endosome
[42] and to cause the dissociation of EEA1 from early
endosomal vacuoles [41, 43]. Thus the observed block-
ing of DsRed-Farn transport from the plasma membrane
to LBs by wortmannin and LY294002 can be explained
by impaired processing at the early endosome. This hy-
pothesis is supported not only by the fact that the homo-
typic fusion is the first wortmannin-sensitive step after
internalization along the endosomal/lysosomal pathway
but also by the observation that wortmannin prevents the
aggregation of EEA1, which was shown in the immuno-
cytochemical experiments.

The turnover of ABCA3 proteins in ATII cells was
described to be preceded by surfactant exocytosis [9,
39]. However, the internalized ABCA3 transporters re-
cycle back to existing LBs via endosomal organelles [39]
but bypasses the early endosome [7]. In the present study,
we demonstrate that DsRed-Farn is also internalized upon
secretagogue stimulation into ATII cells and our results
support its transport via the early endosome, which is in
contrast to the previously reported transport route of

ABCA3 proteins [7]. Furthermore, contrary to recycled
ABCA3 proteins and internalized ambiphilic fluophores,
DsRed-Farn is not incorporated into the lumen of LBs
but co-localizes with LAMP-3-GFP, forming discrete do-
mains at the limiting membrane of LBs. Lipidic material,
which enters ATII cells, was shown to be transported
towards LBs via a non-degradative route, which utilizes
late endosome related organelles [44]. Furthermore, af-
ter secretagouge stimulation of ATII cells, ABCA3 pro-
teins did not localize to lysosomal organelles after inter-
nalisation, but appears in LBs shortly after stimulation
[39]. Thus a transport route to LBs, which is independ-
ent from classical lysosomal compartments exists in ATII
cells and it is most likely, that the observed transport of
DsRed-Farn described herein follows the same route, at
least down stream from the early endosome. Since
DsRed-Farn specifically labels the inner plasma mem-
brane leaflet by a lipid anchor, this strongly suggests that
DsRed-Farn is transported together with plasma mem-
brane portions to be incorporated into the limiting mem-
brane of LBs. We conclude that plasma membrane do-
mains, which have been internalized can be transported
differently from ABCA3 and converge at the limiting
membrane of LBs. Why they form discrete “caps” and
are not homogenously distributed within this membrane
remains to be elucidated.
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