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Brefeldin A rapidly disrupts plasma membrane
polarity by blocking polar sorting in common
endosomes of MDCK cells
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SUMMARY

Recent studies showing thorough intermixing of apical and These data are consistent with a model in which polarized
basolateral endosomes have demonstrated that endocytic sorting of basolateral membrane proteins occurs via a
sorting is critical to maintaining the plasma membrane brefeldin-A-sensitive  process of segregation into

polarity of epithelial cells. Our studies of living, polarized
cells show that disrupting endocytosis with brefeldin-A
rapidly destroys the polarity of transferrin receptors in
MDCK cells while having no effect on tight junctions.
Brefeldin-A treatment induces tubulation of endosomes,
but the sequential compartments and transport steps of the
transcytotic pathway remain intact. Transferrin is sorted
from LDL, but is then missorted from common endosomes
to the apical recycling endosome, as identified by its nearly
neutral pH, and association with GFP chimeras of Rabs
1la and 25. From the apical recycling endosome,
transferrin is then directed to the apical plasma membrane.

basolateral recycling vesicles. Although disruption of polar
sorting correlates with dissociation of y-adaptin from

endosomes.y-adaptin does not appear to be specifically
involved in sorting into recycling vesicles, as we find it
associated with the transcytotic pathway, and particularly
to the post-sorting transcytotic apical recycling endosome.

Movies available on-line
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INTRODUCTION (Futter et al., 1998). Based upon the observation that treatment
of cells with Brefeldin A (BFA) dissociategradaptin from
The barrier and transport functions of an epithelium dependndosomes and also increased aberrant delivery of TfR to the
upon the polarized distribution of proteins and lipids on itsapical membrane of MDCK cells (Wan et al., 1992; Matter et
lumenal and basal aspects. This polarity is established through, 1993; Futter et al., 1998), Futter et al. proposed that polar
a process of sorting of newly synthesized proteins in the transerting in endosomes occurs by a process in wpthaptin-
Golgi network and in endosomes, and through selectivassociated endosomal buds mediate sorting of basolateral
retention of proteins via interactions with the cytoskeletonmembrane proteins into basolateral recycling vesicles.
Plasma membrane polarity is maintained despite continuous According to this model, BFA blocks polar sorting by
endocytic turnover. Whereas endosomes derived from thenpairing sequestration of basolateral proteins into recycling
apical and basolateral plasma membrane domains were ongesicles. However, the effects of BFA on endocytosis are
considered distinct from one another (Bomsel et al., 198%learly not limited to basolateral recycling. In fact, earlier
Parton et al., 1989), more recent studies indicate that the tvetudies demonstrated that BFA selectively inhibits transcytosis
are continuously and thoroughly intermixed (Apodaca et alof IgA with little effect on basolateral recycling (Hunziker et
1994; Futter et al., 1998; Odorizzi et al., 1996; Wang et alal., 1991). Prydz et al. (Prydz et al., 1992) report that BFA
2000). Thus, efficient endocytic sorting is also critical toselectively increases apical endocytosis, and stimulates
maintaining plasma membrane polarity. basolateral to apical transcytosis of both membrane and fluid
Recent studies have implicated AP-1 adaptor complerarkers. BFA has also been found to inhibit efflux of apically
molecules in polar sorting in epithelial cells. Expression of dranscytosing plgR from the apical recycling endosome (ARE)
novelplb subunit in epithelial cells restored the polarity of the(Barroso and Sztul, 1994). Observations that BFA induces
low density lipoprotein (LDL) receptor and the transferrinectopic transport of a variety of internalized proteins (Hunziker
receptor (TfR) in LLC-Pk1 cells with defective polarity (Folschet al., 1991; Matter et al., 1993) suggest that, rather than
et al.,, 1999). Another AP-1 proteiry-adaptin, has been impairing transport, BFA blocks polar sorting.
associated with basolateral recycling vesicles containing TfR However, in light of these diverse effects, it is difficult to
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interpret the effects of BFA on specific intracellular transportonfluence on the bottoms of collagen-coated Millipore CM filters and
steps from its effects on whole cell fluxes. In fact, it could alseultured for 4-5 days prior to experiments, as described previously
be concluded that each of these observations reflects nofrown et al., 2000; Wang et al., 2000). Electron microscopy and
specific consequences of a gross disruption of endosonhiochemical sorting studies were conducted with cells grown on
structure induced by BFA. In particular, impaired sorting migh#olycarbonate filters (Costar Corp.).
be expected as a non-specific consequence of the fusion geins and chemicals
endocytic compartments (Lippincott-Schwartz et al., 1991Purified dimeric IgA was provided by Prof. J.-P. Vaerman (Catholic
Wood et al., 1991; Wagner et al., 1994). ~ University of Louvain, Brussels, Belgium). Human Tf was obtained
Here we use microscopy of living cells to assess how definggbm Sigma, iron-loaded and purified as described (Yamashiro et al.,
endocytic compartments are disrupted by BFA, and combinggg4). Human LDL was obtained from Biomedical Technologies, Inc.
microscopic and biochemical assays to address the question(6foughton, MA, USA). With the exception of Cyanine 5.18 (Cy5),
whether BFA-sensitive factors are required for polarizedvhich was obtained from Amersham Co. (Arlington Heights, IL,
sorting in endosomes. We have previously demonstrated thdfA), all fluorescent probes were obtained from Molecular Probes.
polar sorting occurs in common endosomes from whicH? cI(()nJuglated to horseraﬂli\r)vperoG)(ldaseF(’:RJéTAf)) Vé?:ioma'”%d f_m“;
transferrin (Tf) is directly recycled and IgA is transcytosed tg/2¢kson Immunoresearch (West Grove, PA, : was obtaine
the ARE (B(ro]:/)vn etal., 2y000))./In the stud%es presentc)a/(tj here w@M Epicentre Technologies (Madison, Wi, USA) All other reagents
. Were obtained from Sigma Chem Co. (St Louis, MO, USA).
find that although BFA tubulates endosomes, thg S.equem.'ﬁfjorescent ligands were prepared as described previously (Brown et
compartments of thga transcytotic pathway remain intact iRy 2000; wang et al., 2000).
BFA-treated cells, with distinct sorting endosomes, common
endosomes and AREs. In the context of this intact pathway, webeling of cells with fluorescent ligands
determined that BFA induces missorting of Tf onto theCells were incubated at 37°C on a slide warmer in a humidified
transcytotic pathway from common endosomes to the AREhamber for 15 minutes prior to addition of fluorescent ligands. All
and then to the apical plasma membrane. incubations were conducted in Medium 1 (150 mM NaCl, 20 mM
These studies support the hypothesis that basolateral sortnglpeSv 1 mM Ca@l5 mM KCI, 1 mM MgCh, 10 mM glucose pH
occurs via a BFA-sensitive segregation of basolaterg| ). As described in each study, cells were labeled withgzl
membrane proteins into recycling vesicles (Futter et al., 1998 uorescent Tf, 2qug/m fluorescent LDL or 10Qug/ml fluorescent

. X . ; gA. In nearly all cases, cells were imaged alive, in the continued
While, as previously observed, BFA treatment dissocigted presence of ligands. For localizationyeddaptin, labeled filters were

adaptin from endosome membranes, we fipa@daptin yinsed briefly in PBS at 4°C, then fixed with 4% paraformaldehyde in
associated more closely with transcytotic IgA than W|thp|_| 7.4 PBS at 4°C for 15 minutes.

recycling Tf, in fact associated with the post-sorting The specificity of receptor-mediated uptake of fluorescent LDL,
transcytotic ARE. These observations indicate thatlaptin  IgA and Tf was demonstrated by its inhibition by competition with
does not play a specific role in basolateral recycling, but rathexcess unlabeled ligands. Fluorescent IgA and Tf were both found to
participates in both transcytosis and basolateral recycling. THiflux the cells with kinetics similar to those of the radiolabeled
effects of BFA on recycling and transcytosis may be explainetgands. Dual = labeling experiments showed the endosomal
by the association of-adaptin with both pathways, or distributions of ligands conjugated to different fluorophores to be
alternatively, may reflect different BFA-sensitive coats'dem'cal'

involved in basolateral recycling and transcytosis. Microscopy

Microscopy was conducted using either a Bio-Rad MRC-1024
confocal attachment mounted on a Nikon Eclipse 200 inverted

MATERIALS AND METHODS microscope using a Nikon 80N.A. 1.2 water immersion objective
or on a Zeiss LSM-510 confocal microscope, using a Zeiss 63X, N.A.
Cells 1.2 water immersion objective. Image volumes were collected by

Fluorescence studies were conducted using PTR cells, MDCK stragollecting a vertical series of images, each between 0.4 anah0.6

Il cells transfected with both the human TfR and the rabbit plgRapart. Photomultiplier offsets were set such that background was

previously described (Brown et al., 2000; Wang et al., 2000). Thselightly positive to guarantee signal linearity with fluorescence.

biochemical sorting assays were conducted in MDCK cellsNhenever possible signal saturation was avoided, and objects with

transfected with both rabbit plgR and human TfR. Cells expressingaturated pixels were omitted from quantifications. For live cell

plgR (Hunziker and Peters, 1998) were transfected with the pCBstudies, incubations were conducted in medium 1 on the microscope

plasmid containing the human TfR. We verified that the polarity andtage, with basolateral ligands added to the filter cup, while apical

the kinetics of internalization and recycling were similar to those ofigands are added to the well of the coverslip-bottomed dish.

the endogenous TfR. Temperature is maintained by a Medical Systems Corp. PDMI-2 open
GFP chimeras on the amino termini of rabbit Rablla and Rab2%erfusion chamber (Greenvale, NY, USA). Fixed cells were imaged

were generated from full-length cDNAs amplified by PCR using Pfun PBS containing 2% DABCO (Sigma Co.).

polymerase (Stratagene) and cloned in-frame into the pEGFP-C2 )

vector (Clontech). Sequences were verified by complete sequencifidectron microscopy

of an amplified insert (Medical College of Georgia Molecular BiologyPolarized cells grown on Costar transwell filters were incubated for

Core Facility). Stable lines expressing GFP-Rab25 were generated BQ minutes with 15ug/ml transferrin conjugated to horseradish

transfection of pWE MDCK cells expressing the rabbit plgRperoxidase (HRP-Tf) (Jackson Immunoresearch Laboratories, West

(Breitfeld et al., 1989) and selection in G-418. GFP-Rablla wa&rove, PA, USA), rinsed in PBS and fixed in 2% paraformaldehyde,

transiently expressed in PTR cells by transfecting cells prior t@.5% gluteraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 for

seeding onto filters, where they were cultured for 3 days prior t80 minutes on ice.

imaging. The filters were rinsed in 0.1 M sodium cacodylate buffer,
For fluorescence experiments, PTR or pWE cells were plated atreincubated in SIGMA FAST DAB (Sigma Chem. Co., St Louis,
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MO, USA) for 4 minutes in the dark, then incubated in SIGMA FASTCo.) for 15 minutes on ice. In all cases, the basolateral medium was
DAB (0.7 mg/ml) with H02 (0.2 mg/ml) and nickel in 0.06 M Tris supplemented with 1Qug/ml Tfn-HRP. Cells were then directly
buffer, pH 7.6, for 30 minutes in the dark at room temperature. Theansferred to 37°C without changing medium. For preinternalization
filters were then rinsed with cacodylate buffer and post-fixed in 1%xperiments,129-digA was internalized for 5 minutes and non-
osmium tetroxide, 1% potassium ferricyanide in 0.1 M cacodylaténternalized surface ligand was removed with acid as described
buffer for 90 minutes. The filters were then rinsed in distilled water(Hunziker et al., 1991).

en bloc-stained overnight in 0.5% aqueous uranyl acetate, dehydratedAfter different periods of time cells were returned to ice, rinsed
in a graded ethanol series and embedded in Spurr resin. Sections &ice with PBS and then incubated in 0.5 mM ql&minobenzidine

80 nm thick were mounted on 200-mesh nickel grids and viewe(Sigma Chemical Co.), 0.07%28> in PBS for 60 minutes. After
unstained at 60 KV in a Philips CM 120 electron microscope. Digitalvashing twice with PBS, filters containing the cells were cut out of
images were captured with a Gatan 791 Multi-Scan Camera (Gatahne holders and extracted in 1 ml of 1% Triton X-100, 0.2% sodium

Inc., Pleasanton, CA, USA). azide (to inactivate horse radish peroxidase) in PBS for 20 minutes
) at room temperature. Insoluble material in the detergent extracts was
Image processing pelleted in a microcentrifuge (5 minutes, 14,090 and equal

Image processing was conducted using Metamorph softwareolumes of the extracts were analyzed by SDS-PAGE (8%
(Universal Imaging, West Chester, PA, USA). To minimize acrylamide) and autoradiography. The radioactivity present in the
photobleaching, and phototoxicity in living cells, all fields were detergent soluble fraction was plotted as % of the total cell associated
imaged with minimal averaging (1-2 frames). To compensate, imageadioactivity (sum of the radioactivity in detergent-soluble and
were subsequently averaged spatially where necessary. Images shemsoluble fractions). The radioactivity in the detergent-insoluble
in figures were contrast-stretched to enhance the visibility of dinfraction was obtained by counting the polycarbonate filters and the
structures, and specific care was taken never to enhance the contgaeitet after centrifugation of the detergent-soluble fraction. Points
in such a way that dim objects were deleted from an imagewere carried out in duplicate and the % values differed by less than
Comparable images were always contrast enhanced identicall§%.

Montages were assembled and annotated using Photoshop (AdobeSimilar results were obtained if the detergent-soluble fraction was

Mountain View, CA, USA). normalized to total initially bound dIgA (sum of the radioactivity in
) apical medium, basolateral medium, detergent-soluble and -insoluble
Tf uptake polarity assay fraction); the values for the 25 minute time point were 21% (control),

To measure the percentage of Tf internalization occurring via apicdl0% (BFA), and 20% (nocodazole). The total initially bound
TfR, cells were incubated in 2@/ml Alexa568-Tf basolaterally, and radioactivity averaged 20-25,000 c.p.m. Control experiments showed
20 pg/ml Alexa488-Tf apically at 37°C. After 30 minutes, cells werethat intracellular transport of HRP-Tf was similar to that of Tf: less
rinsed and fixed and 3-D image volumes were then collected. Eatchan 1% of the cell associated HRP activity was recovered in the
image plane was then background corrected by subtracting the mediapical medium after 90 minutes; in the presence of BFA the
intensity of a 3232 pixel region surrounding each pixel (Maxfield transcytosed fraction of HRP activity increased to 10-15%, similar to
and Dunn, 1990), and the planes summed together. Non-specificiblished results for Tf (Wan et al., 1992) (not shown).
fluorescence was subtracted from these sums using values measured ) )
for unlabeled cells (averaging <1 gray level per image plane). Thuantifications of relative IgA and Tf fluorescence in
difference in the amount of fluorescence detected per mole of ea€fidosomes
probe was standardized using a factor measured from cells label8eD image volumes were collected for quantitative analysis of cells
basolaterally with an equimolar mixture of the two probes, imagedhbeled with Alexa488-IgA (green) and Alexa568-Tf (red). Individual
with identical settings to those used for the polarity analysesmages were averaged spatially, then projected (using a maximum
(Alexad88-Tf=1.82x Alexa568-Tf.). The total apical internalization intensity algorithm) into a single, extended-focus image. Outlines of
was then quantified as the fraction of the sum of apical and basolaterallls were drawn by hand and the red and green pixel intensities
uptake. 40 cells, chosen for sufficient basolateral uptake, withouheasured for the entire selected volume. To allow the data to be
regard for apical uptake, were analyzed for both control cells, and fgrooled despite variation in the relative numbers of plgR and TfR
cells pretreated for 15 minutes and then labeled for 30 minutes in thetween cells, the green pixel intensities were multiplied by a factor
presence of 10M BFA. calculated to give equivalent total red and green fluorescence for each
cell.
Fluorometric analysis of junctional permeability
To quantify monolayer permeability, 2 mg/ml fluorescein dextran (7dmmunofluorescence localizations
kDa) was added to the basolateral chamber of filters following a 1Bor immunolocalizations gfadaptin, cells were labeled as indicated,
minute preincubation in medium 1, in medium 1 withpd® BFA or then fixed as described above. Cells were then washed three times
in calcium-free PBS (containing 10 mM glucose) (3 times each). Theith 10 mM glycine in PBS, pH 7.4, for 10 minutes. Cells were then
filters were maintained in these solutions for an additional 30 minutgsermeablized in 0.025% saponin for 5 minutes and nonspecific sites
during which time the apical chamber of each was sampled everyviere blocked in 1% BSA + 0.025% saponin + 0.05% fish skin gelatin
minutes. The fluorescence of these samples were then quantified withPBS-glycine for 5 minutes. Cells were incubated with mouse anti-
a Cytofluor 1l fluorescence plate reader (PerSeptive Biosystemsg;adaptin monoclonal antibody (clone 100/3, Sigma Chem. Co.)

Framingham, MA, USA). rinsed X with PBS followed by the incubation with the TxR-sheep-
. . _ anti-mouse antibody (Jackson ImmunoResearch) for 1 hour at room
Biochemical Tf-IgA sorting assay temperature and then with TxR-donkey-anti-sheep (Jackson

These studies were essentially carried out as described previousigmunoResearch) at room temperature for 1 more hour.
(Podbilewicz and Mellman, 1990; Hunziker et al., 1991). Cells were ) )

starved and allowed to internalizaig/ml of HRP-Tf (3 moles HRP ~ Cross-correlation analysis

per mole Tf) from the basolateral surface for 30 minu&$.digA Cross correlation image analysis was conducted as described
(1 pg/ml), HRP-Tf (2ug/ml) and, in some experimentg3-Tfn (1 previously (van Steensel et al., 1996; Brown et al., 2000). 3-D image
pag/ml) were bound on ice for 60 minutes, excess ligand was washemlumes of red and green fluorescence were collected sequentially, to
off, and cells were incubated in the absence or presence @110 guarantee no bleed-through of fluorescence from one fluorophore into
BFA (Sigma Chemical Co.) or 33M nocodazole (Sigma Chemical the detector channel of the other. 3-D regions of the cytoplasm of
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individual cells were then selected for analysis by outlining each focdhese and all subsequent 3-dimensional stereopair images are
plane by hand and then threshholding a low-pass filtered image, whigliso presented as rotating animations at http://renal.
eliminated nuclei from analysis. Images were then baCkgrOUHﬁephrology.iupui.edu/wangetaIZ).

corrected (Maxfield and Dunn, 1990). For each pair of images the Quantitative analysis from a comparable experiment showed
entire 3-D VO'Tme of a dsmglg cell was Comlp?.red W'thﬁ.th;t)t"f( &hat whereas apical uptake accounted for only 3.9% (+3.7%,
companion volume, and a Pearson's correlation coeffici =40) of total Tf internalization in control cells, BFA increased
calculated as described previously. Although cells were selected f&pical uptake to 38.5% (+11.5%=40) of total cellular uptake

analysis such that the overall levels of IgA or Tf fluorescence Wer%l . .
similar, Fig. 10A shows that the correlation coefficients are(S€€ Materials and Methods). Although this assay measures a

independent of the levels of IgA or Tf fluorescence. Cells wer€Omposite of the number of receptors and the rates of
selected for analysis without regard for the relative patterns of the twendocytosis from each plasma membrane domain, the
probes being compared. Comparisons of two colors of Tf weréincreased internalization of Tf from the apical membrane of
conducted using circular regions of interest, in order to avoid spuriolBFA-treated cells primarily reflects redistribution of TfR to the
effects of region mismatch when the two regions were compared aftgjical plasma membrane. First, BFA induced a nearly
one partner volume was rotated 180°. proportional decline in basolateral uptake. Second, previous
studies detected a two- to threefold increase in non-specific
apical endocytosis in BFA-treated cells (Prydz et al., 1992), a

RESULTS small fraction of the increase observed here.

The speed with which TfR polarity is lost is shown in
BFA rapidly disrupts plasma membrane polarity of images of living cells shown in Fig. 1C-E. In this experiment
TR

The polarized distribution of TfR to the basolat
membrane of PTR cells is apparent in image volt
of cells showing strong basolateral and mini
apical uptake of Tf. The stereopair shown in Fig
shows robust uptake of basolateral Alexa568-Tf
by a field of living, polarized PTR cells, with

internalization of apical Alexa488-Tf (gree
However, cells pretreated for 15 minutes withuM
BFA (2.8 ug/ml) prior to incubation with Tf sho
very pronounced uptake of apical Alexa488-Tf al
concomitant decrease in internalization of basole
Alexa568-Tf (Fig. 1B). These 3-D images ¢
emphasize how BFA tubulates endosomes. (Nott

Fig. 1.BFA induces apical redistribution of TfR. 3-D
stereopair images of living, polarized PTR cells imaged in
the presence of apical Alexa488-Tf and basolateral
Alexa568-Tf after 30 minutes of uptake, following 15
minutes of pretreatment in medium lacking (A) or
containing (B) 1QuM BFA, show that BFA significantly
increases apical Tf uptake. (Note that these and all
subsequent 3-D stereopair images are also presented as
rotating animations at http://renal.nephrology.iupui.edu/
wangetal?). Note that the background fluorescence in theq
and subsequent images of living cells results from the
presence of fluorescent ligands in the medium. (C-E) The
speed with which BFA induces apical redistribution of TfR
is shown in extended focus projected volumes of living
cells preincubated with apical Alexa488-Tf and basolatera Ct
Alexa568-Tf for 20 minutes, and then in probes plus BFA ke
for the indicated times. (F-H) Uptake of Tf from the apical
chamber does not result from leakage of dye across
disrupted tight junctions. (F) Vertical cross section of an
image volume collected of control cells incubated with
basolateral 70 kDa fluorescein dextran for 20 minutes : }
show that the dye is limited to the basolateral medium. e :
(G) The tight junction barrier is likewise intact in cells
pretreated with 1M BFA, then in dextran and BFA for
another 30 minutes. (H) The junction is breached in cells
pre-incubated in PBS lacking &&or 30 minutes, then
incubated with dextran in PBS for 20 minutes, resulting in
leakage of dextran into the apical space. Scale bamml0
for all panels except C-E (30m).
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Fig. 2. Apical redistribution of TfR does not result from diffusion across disrupted tight junctions. Transmission electron micewvgraphs
shown of control cells (A) and cells pretreated for 15 minutes wiM ®FA (B,C) and then incubated basolaterally withug#ml HRP-Tf
in the presence of absence of BFA for another 30 minutes. In all cases, the HRP reaction product is limited to endosaheebasuiaieral
membrane (arrowheads), ending abruptly at the tight junction, with no product present at the apical plasma membraneéerbas Y&
(A,B); 0.5um (C).

cells were incubated with basolateral and apical Tf for 2@BFA blocks sorting of transcytosing IgA from
minutes, treated with BFA and the incubation continued. Theecycling Tf
initial incubation in probes results in strong labeling byWe have previously shown that Tf and IgA are both
basolateral Alexa568-Tf, but after as little as 8 minutes apicahternalized into the same medial endosomes from which Tf is
uptake of Alexa488-Tf is apparent, becoming morerecycled, and IgA is directed to the ARE (Brown et al., 2000).
pronounced with time. In fact the efficiency with which IgA is sorted from Tf
To ensure that uptake of apically applied Tf does not resuttorresponds to the relative enrichment of IgA that occurs
from leakage of Alexa488-Tf to basolateral side of the cellsduring transport from the common endosomes to the ARE,
the effects of BFA on tight junction permeability were demonstrating that polar sorting occurs in common endosomes.
evaluated. Consistent with previous studies (Prydz et alThe sorting of IgA from Tf is apparent in the field of living
1992), we find that the integrity of tight junctions is notcells shown in the stereopair image of Fig. 3A. At steady state,
affected by the drug treatments used in these studies, @b and IgA are both found in medial endosomes (appearing
reflected by the retention of 70 kDa dextran added to therange by combination), but the ARE is enriched in IgA alone
basolateral side of an epithelial monolayer. Vertical section@reen). However, when cells are treated with BFA prior to
of living monolayers of cells incubating in fluorescein dextraruptake, no such sorting is apparent, and Tf and IgA are both
are shown in Fig. 1F-H. The fluorescent dextran is limited talelivered to apical endosomes (Fig. 3B). Indeed, the lack of
the basolateral space for both untreated cells (Fig. 1F) and feorting is apparent in the nearly constant color of the
cells following a 45 minute exposure to BFA (Fig. 1G). Inendosomes of each cell, reflecting a constant ratio of Tf to IgA
contrast, fluorescent dextran is found to leak into the apicah all the compartments in the cell.
space when tight junctions are disrupted by incubating cells The relative amounts of Tf and IgA in endosomes in living
in Ca2free PBS (Fig. 1H). In a parallel experiment, cells can be evaluated graphically, by plotting the red and green
measurements of dextran fluorescence in the apical chambetensities of individual pixels from projected image volumes
demonstrated that dextran permeability of BFA-treated cellésee Materials and Methods). In order to pool data from cells
was indistinguishable from that of control cells, and tenfoldexpressing different relative numbers of plgR and TfR, the
less than that of cells incubated in calcium-free PBS (data npixel intensities are standardized such that the total red and
shown). green fluorescence is equivalent in each cell. The resulting
Apical uptake of Tf might also result from apical plots can be used to distinguish endosomes according to their
redistribution of TfR within the plane of the plasma membraneselative Tf and IgA fluorescence, similar to a flow cytometry
if BFA disrupts the ‘fence’ function of the tight junctions. This analysis. Fig. 3C shows the results of analyzing 8 control or
possibility was evaluated by electron microscopy of cellBFA-treated cells. Two classes of endosomes are found in
incubated basolaterally with Tf conjugated to horseradisleontrol cells, one with a high ratio of Tf to IgA and a second
peroxidase (HRP-Tf). This conjugate is limited to thewith a very high ratio of IgA to Tf, correlating to medial
basolateral membrane and endosomes of both control cebsdosomes and the ARE, respectively. These two populations
(Fig. 2A) and cells treated with BFA (Fig. 2B). The labelingof endosomes disappear in cells treated with BFA, replaced by
of the basolateral, but not apical membrane of BFA-treated single population of endosomes with an intermediate ratio of
cells is especially clear in Fig. 2C, which also shows severdilf to IgA.
of the extended tubular endosomes characteristic of BFA- The effect of BFA on sorting of IgA from Tf was also
treated cells. addressed biochemically. The endocytic pathway of cells was
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Fig. 3.BFA blocks intracellular sorting of Tf from IgA. 3-D A
images of living, polarized PTR cells were collected in the
presence of basolateral Oregon Green-IgA and TxR-Tf afte
30 minutes of uptake (A), and following 15 minutes of
pretreatment in1QM BFA and 35 minutes incubation with
probes in the continued presence of BFA (B). In control
cells, the sorting of IgA from Tf is apparent in the
enrichment of IgA (green) in the ARE lacking Tf (red),
whereas both IgA and Tf completely codistribute in BFA-
treated cells, resulting in a nearly uniform endosome color
in each cell. Each field is 40n across. (C) Plots of
individual pixel intensities from projected image volumes
of control and BFA-treated cells, labeled and imaged as
described above. Data represent the pooled data of 8 cells
from each condition, with data normalized such that the
mean IgA and Tf fluorescence are equal. Sorting of IgA is
apparent in the enrichment of IgA in the ARE, represented
by the population of pixels with a high ratio of IgA/Tf,
relative to the common endosomes, whose pixels show a
low ratio. In contrast, only a single population of pixels is
found in cells treated with BFA.

preloaded with HRP-Tf by incubating cells in

presence of the ligand for 30 minutes and
subsequent incubations were done in the preser
HRP-Tf. Cells were then allowed to biAédl-Tf and
129-1gA on ice for 1 hour. Unbound radio-ligar
were washed away, and cells were then incubate C

15 minutes in the absence or presence QfM@BFA. Control

After various intervals at 37°C, internalization = =R 48

radio-ligands was stopped by placing the cells or 2 00l ¥ 200l

Cells were then treated with DAB and:®, anc Q 5

solubilized with detergent. In this assay, exposul £ 150t 1501

DAB and HO2 mediates the HRP-catalyz )

crosslinking of proteins present in endoso e 0 Tl

containing HRP-Tf, so that sorting of IgA from Ti - 50 501

evident in the increased amount of soluBRe-IgA. In ?5, .

Fig. 4A detergent soluble proteins were separate ~ O5—=5 185 750 360 750 O6—=5 180 750 560 750

SDS-PAGE. In control cells an increasing amour
123-1gA is found in the detergent-soluble fraction w
time, whereas in BFA-treated cells, relatively little
125-I1gA is soluble throughout the timecourse. In a separat@hereas less than 25% is sorted from HRP-Tf in cells treated
study, in which123-Tf was omitted, the percentage of total with BFA. As in the study shown in Fig. 4B, approximately
cell-associated?3-IgA in the detergent-soluble fraction was 90% of the internalized IgA is initially contained in endosomes
quantified as a function of time for control cells or cells treatedontaining HRP-Tf, demonstrating that the two are internalized
with BFA or the microtubule-depolymerizing reagentinto the same compartment and are subsequently sorted from
nocodazole (Fig. 4B). Whereas in both control and nocodazolene another. The specificity of crosslinking is indicated by the
treated cells, IgA is increasingly found in the detergent-solubléct that less than 10% of internalized IgA is found in the
fraction, reflecting sorting of IgA from HRP-Tf, a relatively detergent-insoluble pellet whernp®; is omitted.
small percentage of IgA escapes cross-linking in BFA-treated
cells. The compartments of the transcytotic pathway are

In order to confirm that sorting of ligand occurred indistinctin BFA-treated cells
endosomes, we assayed pre-internalized ligands. Cells wdfeBFA induces apical transport of Tf by blocking sorting of Tf
incubated with129-IgA and HRP-Tf for 5 minutes at 37°C, from IgA, it might be expected to induce transport of Tf to the
then transferred to ice, at which point surface ligands werARE. In Fig. 3B, it is clear that BFA induces transport of Tf
stripped with an acid wash. Cells were then either kept on icép condensed apical compartments, suggesting that BFA
or incubated at 37°C for 15 minutes, in the presence or absenoguces missorting of Tf to the ARE, from which it is normally
of BFA. Samples were then processed as described aboveexcluded.
cross-link HRP-Tf-containing endosomes. Fig. 4C shows that, However, previous studies have demonstrated that BFA
similar to the results shown in Fig. 4B, after 15 minutes ofnduces fusion and tubulation of endosomes (Hunziker et al.,
incubation approximately 50% of pre-internalized IgA is1991; Lippincott-Schwartz et al., 1991; Wood et al., 1991;
sorted from HRP-Tf containing compartments in control cellsWagner et al., 1994). Similarly, we find that BFA alters the

Tf pixel intensity Tf pixel intensity
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A Time after 5 i . B S0
internalization 0 5 10 15 20 25 minutes ] control Fig. 4.BFA blocks intracellular

sorting of Tf from IgA. This
biochemical sorting assay is fully
304 described in the Materials and
J BFA Methods. Briefly, cells were
20 incubated basolaterally with HRP-
Tf for 30 minutes at 37°C, then
101 placed on ice and incubated with
J HRP-Tf,123-IgA and129-Tfn for
— 60 minutes. Excess ligand was
0 6 12 18 24 30 rinsed away, and cells were
time (min) incubated in HRP-Tf in the
absence or presence of 101
BFA for 15 minutes, and then
0 minutes warmed to 37°C. At the indicated times cells were treated with DAB a@d H
B 15 minutes and solubilized. (A) SDS-PAGE and autoradiograph¥?8fTf and 129-IgA
N present in the detergent-soluble fraction following internalization of ligands for
BFA +H,0, N the indicated periods of time in the absence or presencepdil EFA. (B) The
percentage of pre-bourdéd-IgA in the detergent-soluble fraction is plotted as a

NI function of time of internalization for control cells (circles), BFA-treated cells

(squares) and cells treated with| 8@ nocodazole (triangles). (C) BFA blocks
BFA-HLO ARG sorting of pre-lnzernallzed lgA and 'Ff_2.5|-IgA and HRP-Tf were internalized for
22 5 minutes at 37°C, then non-internali2é8-IgA was removed by acid wash on
] ice. BFA was then added for 15 minutes (with the cells still on ice) and the cells
o 20 40 60 80 100 then either kept on ice (0 minutes) or incubated at 37°C for 15 minutes and
% detergent soluble IgA analyzed.

— —— —— e a— "

— S ——
Control IgA

— — —— — — ][’
. . G — N — — ——
Brefeldin A

nocodazole

% detergent soluble dIgA

IgA

C

Control + H,0, §

Control - H,0,

morphology of endosomes of MDCK cells. In |
5A, an image volume of living MDCK ce
expressing GFP-Rab?25, a protein associated wi
transcytotic pathway of epithelial cells (Casano\
al., 1999), shows that Rabh25 is normally foun
punctate endosomes throughout the cell. How
upon treatment with BFA, endosomes bec
enlarged and elongated along the entire height ¢
cells, appearing interconnected (Fig. 5B). i
possible that, rather than inducing missorting c
from the common endosomes to the distinct A
BFA induces fusion of the sequential compartm
of the transcytotic pathway. Accordingly, alte
polar transport of both Tf and IgA may reflect
relatively non-specific consequence of gene
impaired transport from an aberrant compartme

In order to test whether the sequer
compartments of the transcytotic pathway are dis
in cells treated with BFA, we evaluated the pt
endosomes in BFA-treated cells using lige
conjugated to both fluorescein and rhodamine
previously demonstrated that the ARE could
distinguished from the common endoso
preceding it by a sharply higher pH (Wang et
2000). Tf, which is normally excluded from the AF
is restricted to uniformly acidic medial endosome
control cells, which appear orange due to
guenching of fluorescein (Fig. 6A). However, in ¢

; . : ‘ Fig. 5.BFA induces tubulation of endosomes associated with GFP-Rab25. 3-D

tre.at.ed with BFA, Tf is found .nOt Onl.y n medj stereopair images of living, polarized MDCK cells stably expressing GFP-

aCI_dIC endosomes, but _also in relatively alke Rab25 were collected for untreated cells (A) and cells following 40 minutes

apical compartments, which appear green due t  jhcynation in BFA (B). In untreated cells GFP-Rab25 labels punctate

bright fluorescein fluorescence at higher pH ( compartments, particularly at cell apices, whereas in cells treated with BFA,

6B). GFP-Rab25 is found on tubular compartments that extend vertically throughout
Fig. 7A,B,E,F shows a field of living ce the cells. Panel A is 24m in height, Panel B is 36m in height.
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Fig. 6. Endosomes of the transcytotic pathway remain
distinct in BFA-treated cells. 3-D stereopair images of
living, polarized PTR cells were collected in the presence o
basolateral Tf conjugated to both fluorescein and rhodamin
(FR-Tf). The pH-sensitive fluorescence of fluorescein gives
this probe a green fluorescence in the neutral environment
of probe bound to the plasma membrane (note bases of ce
in A), but an orange fluorescence for Tf in acidic
endosomes. Whereas Tf is restricted to acidic endosomes |
control cells (A), it is found in both acidic medial
endosomes and relatively alkaline apical compartments in
cells previously incubated with BFA for 15 minutes, and
then in BFA with FR-Tf for another 22 minutes (B). Panels
A and B are 341m in height.

incubating with both pH-sensitive FR-Tf and C
IgA. Images collected at the apex of the cells <
that Tf is excluded from the condensed ARE in w
IgA accumulates (Fig. 7A,B). Images collected
medial plane (Fig. 7E,F) show that Tf clos
colocalizes with IgA in acidic (orange) mec
endosomes of the same cells. In contrast, after
treatment, Tf codistributes with IgA throughout
cell, in both acidic medial endosomes and
relatively alkaline apical compartments. The af
plane of BFA-treated cells shown in Fig. 7C,D sh
that Tf colocalizes with IgA in alkaline apic
compartments, which appear yellow to greenin c
A medial focal plane from another field of cells is shown incontinuous with) the common endosomes containing Tf and
Fig. 7G,H, in which Tf and IgA are found to colocalize in IgA.
orange, acidic endosomes, as well as in a distinctly alkaline Taken together, these studies demonstrate that apical
tubule at the top of the field. The sharply higher pH of thamissorting of TfR does not derive from gross fusion of
apical compartments suggests that the ARE remains distinehdocytic compartments. The fact that transport through
in cells treated with BFA. The same distinction is apparent imlistinct sorting endosomes, common endosomes and AREs
cells labeled with FR-IgA. Similar to our previous studiescontinues in the presence of BFA allows us to delimit the
(Wang et al., 2000), IgA is normally found in both acidiceffects of BFA to polar sorting in the common endosome,
endosomes and in relatively alkaline AREs, as shown in thehere it blocks exclusion of TfR from the transcytotic
apical focal plane shown in Fig. 71 where the acidicpathway.
endosomes surround the central ARE. These two
compartments remain distinct in cells treated with BFA (FigBFA induces transport of Tf to compartments
7J,K). Due to variations in cell height, the single optical@ssociated with Rablla and Rab25
section shown in Fig. 7J images acidic medial endosomes @he pH and location of the apical compartment of BFA-treated
some cells (the center 3), and alkaline apical AREs of otherlls suggests that BFA induces transport of Tf to the ARE.
(top and bottom). Fig. 7K is an image showing more of th& he identification of this compartment as the ARE is supported
alkaline AREs. These results indicate not only that the AREBY our observations of living cells expressing GFP chimeras of
are distinct from the common endosomes of BFA-treated cellRab25 and Rabl1la, two markers of the ARE (Casanova et al.,
but also that BFA induces missorting and transport of Tf fron1999). Images of living cells stably expressing GFP-Rab25 are
the common endosome to the ARE. presented in Fig. 8A-F. In control cells, Rab25 prominently
Studies of cells labeled with Tf and LDL indicate that theassociates with the ARE, the extreme apical compartment in
effects of BFA are limited to sorting in the common endosomewhich basolateral IgA accumulates (Fig. 8A,B). Consistent
We previously found that sorting of Tf from LDL occurs in awith previous studies showing that Tf is excluded from the
separate step that precedes polar sorting of Tf from IgA (BrowARE (Brown et al., 2000; Wang et al., 2000), the apical
et al., 2000). This sorting is apparently intact in cells treatedompartment containing the vast majority of GFP-Rab25 lacks
with BFA, as Tf is found distributed largely in tubular Tf, with the bright GFP-Rab25 fluorescence corresponding to
compartments and LDL is restricted to punctate compartmentgaps in the fluorescence pattern of Tf (Fig. 8C,D). Fig. 8E,F
some of which also contain Tf, some of which contain LDLshows that upon treatment with BFA, the apical GFP-Rab25
alone (Fig. 7L). The transport of Tf into tubular compartment€ompartment remains apparent, but is now accessible to
lacking LDL demonstrates that Tf is sorted from LDL in BFA- basolaterally internalized Tf.
treated cells. This observation suggests that the effect of BFA Similar observations are made in living cells transiently
is specific to polar sorting in the common endosome, and alsxpressing GFP-Rablla (Fig. 8G-L). As with Rab25, GFP-
demonstrates that sorting endosomes (containing both Tf afthblla prominently associates with the apical compartment in
LDL) are distinct from (although perhaps physically which IgA accumulates (Fig. 8G,H), but which lacks Tf (Fig.
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Fig. 7.BFA induces transport of both Tf and IgA to the
same alkaline apical endosomes. (A-H) Cells were labeled
to steady state and imaged alive in the presence of FR-Tf
and Cy5-1gA. An apical optical section of control cells
shows that FR-Tf (A) is missing from the AREs in which
Cy5-IgA concentrates (arrowheads in A,B). In a lower focal
plane of the same cells, the two probes closely colocalize in
uniformly acidic endosomes (arrows in E and F). In cells
treated with BFA for 15 minutes, and then incubated for 25
minutes in probes and BFA, FR-Tf is delivered to apical,
alkaline compartments containing Cy5-IgA (arrows in C
and D). A separate field of cells, incubated for 15 minutes
with BFA, then with probes and BFA for 45 minutes (G,H)
shows the two are closely colocal in medial acidic (orange)
compartments as well as in alkaline tubular endosomes
(green, at the top of the panel). (I) A field of untreated cells
imaged in the presence of FR-IgA shows that IgA is located
in both acidic endosomes as well as in relatively alkaline
ARESs located at the cell apices. These two distinct
compartments are apparent also in images of cells
incubated with BFA for 15 minutes, then with BFA and FR-
IgA for another 20 (J) or 25 (K) minutes, showing IgA
present in both medial acidic endosomes and relatively
alkaline apical endosomes. Note that because of differences
in cell height, single optical sections collect apical planes of
some cells and medial planes of others. (L) Sorting
endosomes remain distinct after protracted exposure of cells
to BFA. 3-D images of living, polarized PTR cells were
collected in the presence of basolateral Alexa488-Tf and
dil-LDL following a 15 minute pretreatment with BFA and
an 85 minute incubation with both BFA and fluorescent
J ligands. Whereas Tf is largely distributed into extended
S E” tubules, LDL, found in both sorting endosomes containing

o i e Tf and in late endosomes lacking Tf, is restricted to
33' BFA} IEA -40' BFA vesicular compartments. Panel L isi# in height.

Ultrastructural analysis of MDCK cells revealed that
y-adaptin, generally associated with Golgi transport, is
associated with endosomal buds from which recycling
vesicles form (Futter et al., 1998). Based upon the
observation that BFA both dissociatgddaptin from
endosomes, and also increased apical Tf transport,
Futter et al. suggested that BFA increases apical Tf
transport by blocking membrane associationyof
adaptin, which in turn blocks sequestration of Tf into
recycling vesicles (Futter et al., 1998).

In control cells,y-adaptin was immunolocalized to
both punctate and large tubular compartments (Fig.
9A). The tubular compartments are likely to
correspond to the TGN as they lacked the endocytic
81,J). After treatment with BFA, Tf and GFP-Rablla areprobes Tfor IgA (data not shown). Treatment of cells with BFA
broadly colocalized, and in particular, Tf is found in theboth dissociated the majority gfadaptin from intracellular
extreme apical compartment associated with Rablla (Figompartments and simultaneously produced extended tubular
8K,L). endosomes in cells incubated with Tf (Fig. 9B,C).

Taken together, these results suggest that BFA inducesIn control cells, the distributions of Tf agehdaptin showed
transport of Tf to the ARE, as identified by its apical locationlittle vesicle-for-vesicle agreement (Fig. 9D-F). In contrast, the
relatively alkaline pH, and association with Rabs 11a and 2Xistribution of y-adaptin closely resembled that of IgA. The

N o o correspondence was especially close in the ARE imaged in
BFA-sensitive association of  y-adaptin with apical planes (Fig. 9G-1), but in medial planes of the same cells,
endosomes containing IgA individual vesicles could be identified that both included IgA
Brefeldin A alters membrane transport by blocking theand associated witfradaptin (Fig. 9J-L).
association of ADP ribosylation factor (ARF) with membranes, These images suggest thgtadaptin is more closely
in turn dissociating ARF-dependent coatamers, sufhGOP  associated with transcytotic compartments (containing IgA)
and y-adaptin from membranes (Donaldson et al., 1992)than with recycling compartments (containing Tf), suggesting
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Fig. 8.BFA induces transport
of Tf to apical endosomes
associated with Rab25 and
Rabl1a. (A,B) Image volume
of living cells stably
expressing GFP-Rab25
incubated to steady state wit
basolateral Alexa568-1gA we
collected, and reproduced as
extended focus projections.
IgA and Rab25 closely
colocalize, in particular Rab2
is strongly associated with th
ARE in which IgA
accumulates (arrowheads).
(C,D) Image volumes collect:
of living cells incubated with
Alexa568-Tf show that Tf is
absent from AREs, so that th
apical GFP-Rab25
concentrations correlate with
holes in the projected Tf
images (arrowheads).

(E,F) Images of an apical pla
of cells pretreated with BFA
for 20 minutes, then incubate
with Alexa568-Tf in the
continued presence of BFA f
another 30 minutes show ths
BFA induces redirection of Ti
into the apical compartments associated with GFP-Rab25. (G,H) Extended focus images of living cells expressing GFP-Rétmt]la show
similar to Rab25, Rabl1a closely codistributes with basolaterally internalized Alexa568-IgA, particularly in AREs, whiahpesias holes
in extended focus images of Tf (1,J). (K,L) An apical plane of GFP-Rab1la-expressing cells pretreated with BFA for 2Gheimuriespated
with Alexa568-Tf in the continued presence of BFA for another 30 minutes shows that BFA induces redirection of Tf to the apical
compartments associated with GFP-Rablla. Scale bam 18,B); 10um for the remaining panels.

that y-adaptin plays a role in transcytotic transport. This(Okamoto et al., 1998y-adaptin was found to associate with
subjective impression is supported by a quantitative analysis tfie ARE indicates thatadaptin is unlikely to be specifically
the correlation between the 3-D distributionyedidaptin and involved in basolateral recycling.
Tf or IgA. For these studies, cells were labeled with either Tf
or IgA, then processed fgradaptin immunofluorescence. 3-D
image volumes were then collected for both the endocytiDISCUSSION
ligands andr~adaptin. As explained in Materials and Methods,
the cytoplasmic volumes of individual cells were then outlinedyhile BFA has generally been observed to modestly affect
and correlation coefficients calculated for the comparisgh of endocytic membrane transport in fibroblasts, BFA profoundly
adaptin with either Tf or IgA. alters the endocytic pathways of polarized MDCK cells. In
As might be expected for a protein largely associated witkiarious studies BFA has been observed to stimulate apical
the biosynthetic pathway, the distributionyedidaptin does not transport and slow basolateral recycling of TfR (Wan et al.,
correlate highly with either that of Tf or IgA. However, the 1992; Matter et al., 1993; Futter et al., 1998), to inhibit apical
correlation betwee-adaptin and IgA is roughly twice that transcytosis, without affecting basolateral recycling of IgA
between y-adaptin and Tf (0.29+0.05 versus 0.14+0.04,(Hunziker et al., 1991; Barroso and Sztul, 1994), to selectively
P<0.0001, Student’st-test) (Fig. 10A). These data are stimulate apical endocytosis and to stimulate basolateral to
summarized in Fig. 10B, which also presents datapical transcytosis of fluid markers (Prydz et al., 1992). On the
demonstrating the appropriate behavior of the analysidasis of observations that BFA induced transcytosis of chimeric
Correlation coefficients for cells labeled basolaterally with & .DL receptors with basolateral sorting determinants, but
combination of Alexa488-Tf and Alexa568-Tf (which would stimulated transcytosis of chimeras lacking basolateral
ideally show a perfect correlation) averaged 0.75+0.04. Whedeterminants, Matter et al. (Matter et al., 1993) suggested that
one image volume of each of these pairs was rotated 180° (thB&A interfered with polar sorting, rather than with any
producing uncorrelated distributions), the mean correlatioparticular transport pathway. Recent studies suggested that
between image volumes dropped to 0.01+0.07. BFA might disrupt polar sorting by interfering with the
These results indicate thatadaptin is more closely formation of recycling endosomes in which basolateral
associated with the endocytic pathway followed by IgA tharproteins are concentrated (Futter et al., 1998).
that followed by Tf. The fact that, similar to previous studies However, BFA has also been found to disrupt the
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BFA - y-adaptin(C

Fig. 9.y-adaptin is associated with IgA-
containing endosomes. (A) In a medial
plane of polarized cells,
immunolocalized~adaptin associates
with multiple intracellular
compartments. Punctate compartments
correspond to endosomes (see below)
while larger tubular structures are likely
to be elements of the trans-Golgi
network. Treatment of cells with BFA
both dissociateg-adaptin from
intracellular compartments, and also
tubulates endosomes, as shown in the
medial plane of a field of cells pretreated
with BFA for 15 minutes, then incubated
with Alexa488-Tf for 40 minutes in the
continued presence of BFA (B,C). A
medial plane of control cells incubated
with Alexa488-Tf shows a limited
colocalization of Tf withy-adaptin (D-

F). In contrast, cells incubated with
Alexa488-IgA show a close
correspondence between the
distributions of IgA ang-adaptin. This
colocalization is particularly apparent in
apical planes, where the patterns of the
two closely match in AREs and punctate
endosomes (G-I), but also in the focal
plane of the same cells collected 6
microns lower (J-L), where the two
colocalize in medial endosomes. A few
examples of IgA-containing endosomes
associated witly-adaptin are noted with
arrows. Scale bar, 30m.

morphology of endosomes, causing extensive tubulation arehdosomes. While Tf is directly recycled to the basolateral
fusion of early endosomes and the TGN (Lippincott-Schwartmembrane, IgA is transcytosed to the ARE and then to the
et al., 1991; Wood et al., 1991; Tooze and Hollinshead, 1992pical plasma membrane.
Wagner et al., 1994, Stoorvogel et al., 1996). Gross disruption The analyses of living MDCK cells presented here show that
of endocytic compartments, and particularly fusion ofthe sequential compartments of the transcytotic pathway
sequential endocytic compartments could also explain themain distinct from one another in the presence of BFA.
generally disrupted, ectopic protein targeting described in thEommon endosomes (identified as containing Tf and IgA, but
studies listed above. In order to address the effects of BFA arot LDL) form extensive tubules distinct from sorting
endocytic sorting of TfR and IgA, we used microscopy ofendosomes (identified as containing both Tf and LDL), which
living cells to evaluate how defined endocytic compartmentare refractory to tubulation, remaining punctate in the presence
are affected by BFA and to characterize the intracellulaof BFA. The ARE, which also tubulates in BFA, remains
transport of Tf and IgA through these compartments. distinct from common endosomes, as judged by its sharply
We previously characterized the endocytic itineraries ohigher pH, and its extreme apical location, similar to untreated
MDCK cells (Brown et al., 2000). After internalization into the cells. These results indicate that the effects of BFA on
same basolateral sorting endosomes, IgA and Tf are sortetembrane transport in MDCK cells do not reflect gross fusion
from lysosomally destined LDL and directed to commonof endocytic compartments.
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Fig. 10.Correlation analysis showsadaptin
is more closely associated with endosome
containing IgA than with those containing -
Correlation coefficients were calculated
comparing the 3-D distributions gfadaptin
and either Tf or IgA (see Materials and
Methods). Briefly, cells were labeled to ste
state with either Tf or IgA, and then
processed foy-adaptin immunofluorescenci
3-D image volumes were collected, and 1£
cells from each condition selected for
correlation analysis. (A) Correlation o~ o~ e~ L
coefficients, calculated for individual cells, 410 6100 8100 110
are plotted against the total fluorescence ¢ Total fluorescence per cell
internalized Tf (closed circles) or IgA (open

circles). Although variable, the correlations between IgAyaadaptin were uniformly higher than those between Tfyaadiaptin, and largely
independent of the levels of Tf or IgA fluorescence. (B) Bar graphs of the pooled data show a mean correlation coef2€edi05 0.
between IgA ang-adaptin, and a mean correlation coefficient of 0.14+0.04 between Tfaapbtin. The potential range of this assay is
demonstrated in cells labeled with a combination of Alexa488-Tf and Alexa568-Tf, which codistribute in the same companatygsissofA
15 cells yielded a mean correlation of 0.75+0.04. The mean correlation coefficient dropped to 0.01+0.07 when the regisis of anal
image of each pair was rotated 180°.
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Transport along the transcytotic pathway is likewise intactnembrane flow (e.g. non-coat concentrated transport). In the
in cells treated with BFA, but is now visited by Tf as well ascase of Tf, this would result in an observed decrease in
IgA, with the result that the basolateral polarity of TfR is lostrecycling coupled with an increase in transcytosis, while
within minutes of addition. As with control cells, in the transcytosis of dlgA would be decreased with a concomitant
presence of BFA Tf is found in both punctate sortingintracellular accumulation and increase in recycling.
endosomes containing LDL, as well as in medial, tubular, Our finding that BFA increases the direction of Tf to the
acidic compartments containing IgA, but not LDL. In contrastARE suggests that polar sorting of TfR is mediated by BFA-
to control cells, however, Tf is also transported to ARES, asensitive coats. It has recently been demonstrated that one such
identified by their extreme apical location, nearly neutral pHoat complex, a novel AP-1 adaptor complex, mediates
and association with Rabs 11a and 25. Thus BFA blocks poléasolateral sorting in epithelial celiglb, an epithelial-specific
sorting of Tf away from the transcytotic pathway. TheAP-1 medium chain that assembles witB1 andol into AP-
specificity of this effect is indicated by the observation thaflB adaptor complexes, has been found to both bind the polarity
sorting in sorting endosomes is intact in cells treated with BFAdeterminants in the cytoplasmic tail of TfR, and to mediate
Tf and IgA are sorted from punctate sorting endosomebasolateral localization of TfR in epithelial cells (Folsch et al.,
containing LDL into tubules lacking LDL, and LDL is sorted 1999; Ohno et al., 1999). However, it is not known if AP-1B
into compartments lacking either Tf or IgA. Thus while polarlocalizes to endosomes, nor if it mediates basolateral sorting
sorting in common endosomes is sensitive, lysosomal sortimgf TfR at the level of endosomes, the TGN or both.
in sorting endosomes continues in BFA. This observation iterestingly, AP-4, another BFA sensitive adaptor complex
consistent with previous studies showing Fc receptor-mediatqutesent on endosomes in MDCK cells is also involved in
degradation of IgG complexes is unaffected by BFA (Hunzikebasolateral sorting (T. Simmen et al., unpublished).
et al., 1991). Futter et al. (Futter et al., 1998) presented a model in which

BFA is believed to alter membrane transport by inhibitingy-adaptin, a component of AP-1 complexes, participates in
the association of vesicle coat proteins, thus blocking th#orming coats that mediate diversion of basolateral membrane
formation of transport vesicles. The effects of BFA onproteins into basolateral recycling vesicles. While our studies
membrane transport in MDCK cells appear to be contradictongre generally consistent with this model, they demonstrate that
whereas studies with Tf would indicate that recycling isy-adaptin does not play a specific role in basolateral recycling.
inhibited and transcytosis is intact, studies of IgA indicate thafo the degree thatadaptin mediates basolateral recycling, it
transcytosis is inhibited with no effect on recycling. Howevershould closely associate with endosomes containing Tf.
our results showing that BFA affects the segregation offowever, comparison of the distributions of Tf apddaptin
recycling and transcytotic receptors without altering the overabhow a relatively poor correlation between the two. While
integrity of the endocytic pathway indicate a significantFutter et al. (Futter et al., 1998) interpreted differences in
transport of membrane in the absence of coats. Endosomal cadétribution as reflectingy-adaptin capping endosomes
proteins may play a more important role in sorting receptorsontaining Tf, our studies indicate that the differences reflect
into different pathways, either by clustering them at vesicléhe association of-adaptin with the transcytotic pathway.
budding sites or by excluding them from vesicles, rather tha@Quantitative analyses of fluorescence images demonstrate that
in vesicle formation per se. Our data is consistent with a modgtadaptin associates more closely with IgA than with Tf,
in which BFA-sensitive coat proteins are required for efficienindeed clearly associating with the ARE, a post-sorting
sorting into the recycling and transcyotic pathways. Thus, itranscytotic compartment. This observation is consistent with
the absence of coats and sorting, the different receptors mpyevious studies in whicfradaptin was localized to the ARE
distribute along both pathways, perhaps reflecting bullof gastric epithelia (Okamoto et al., 1998), and with studies
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indicating that AP-1 may bind to plgR during transcytosisHunziker, W. and Peters, P. J.(1998). Rabl7 localizes to recycling
(Orzech et al., 1999). endosomes and regulates receptor-mediated transcytosis in epithelial cells.

) T, ; ; J. Biol. Chem273 15734-15741.
The fact thaty-adaptin is more closely associated with theLippincott_Schwanz' 3. Yuan, L.. Tipper, C., Amherdt, M., Orci, L. and

transcytotic path_way indicates that'_Wh”? BFA may dlsrupt Klausner, R. D.(1991). Brefeldin A's effects on endosomes, lysosomes, and
basolateral sorting of TfR by dissociating AP-1 from the TGN suggest a general mechanism for regulating organelle structure and
endosomes, AP-1 does not play a specific role in polar sortingmembrane trafficCell 67, 601-616.

via its participation in the formation of basolateral recyclingMatter, K., Whitney, J. A., Yamamoto, E. M. and Mellman, I. (1993).

; ; : Common signals control low density lipoprotein receptor sorting in
vesicles. The presence ‘pfadaptln on both the reCyC“ng and endosomes and the Golgi complex of MDCK cellsll 74, 1053-1064.

transcytotic pathways may also explain observations t_hat B_Fﬁ!axfield, F. R. and Dunn, K. W. (1990). Studies of endocytosis using image
not only slows basolateral recycling of Tf, but also impairs intensification fluorescence microscopy and digital image analysis. In

apical transport of IgA (Hunziker et al., 1991) and of mutant Optical Microscopy for Biologfed. B. Herman and K. Jacobsen), pp. 357-

A 371. New York: Alan R. Liss.
forms of the LDL receptor that are normally efficiently Qdorizzi, G., Pearse, A., Domingo, D., Trowbridge, I. S. and Hopkins, C.

transcytoseq (Matter et al., 1993).These results are.dlfflcult tOR (1996). Apical and basolateral endosomes of MDCK cells are
reconcile with a model in which BFA alters formation of a interconnected and contain a polarized sorting mechadisell Biol. 135,
single type of transport vesicle and, taken with our results, 139-152. _ _ _

indicate that BFA separately affects basolateral sorting of TfRhno, H., Tomemori, T., Nakatsu, F., Okazaki, Y., Aguilar, R. C., Foelsch,

- - . - H., Mellman, I., Saito, T., Shirasawa, T. and Bonifacino, J. §1999).
and the aplcal transport of I9A without dlsrUptmg the overall MulB, a novel adaptor medium chain expressed in polarized epithelial cells.

endocytic pathways. It will now be important to determine gggs’|ett449 215-220.

which adaptors are associated with sorting into the recyclingkamoto, C. T., Karam, S. M., Jeng, Y. Y., Forte, J. G. and Goldenring,

and transcytotic pathways. J. R. (1998). Identification of clathrin and clathrin adaptors on
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