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Abstract. We have studied the effects of brefeldin A
(BFA) on endocytosis and intracellular traffic in polar-
ized MDCK cells by using the galactose-binding pro-
tein toxin ricin as a membrane marker and HRP as a
marker of fluid phase transport. We found that BFA
treatment rapidly increased apical endocytosis of both
ricin and HRP, whereas basolateral endocytosis was
unaffected, as was endocytosis of HRP in the poorly
polarized carcinoma cell lines HEp-2 and T47D.
Tubular endosomes were induced by BFA both api-
cally and basolaterally in some MDCK cells, com-
parable with those seen in HEp-2 and T47D cells. In
addition, in MDCK cells, BFA induced formation of
small (<300 nm) vesicles, labeled both after apical

and basolateral uptake of HRP, as well as some very
large (>700 nm) vacuoles, which were only labeled
when HRP was present in the apical medium. In con-
trast, neither in MDCK nor in HEp-2 or T47D cells,
did BFA have any effect on lysosomal morphology.
Moreover, transcytosis in the basolateral-apical direc-
tion was stimulated both for HRP and ricin. Other
vesicular transport routes were less affected or un-
affected by BFA treatment. Two closely related struc-
tural analogues of BFA (B16 and B21), unable to pro-
duce the changes in Golgi and endosomal morphology
seen after BFA treatment in a2 number of different cell
lines, were also unable to mimic the effects of BFA on
MDCK cells.

feldin A (BFA)' on mammalian cells is rapid dis-

sociation of proteins associated with the cytosolic
face of the Golgi apparatus (7-9), and a subsequent retro-
grade movement of components of the cis-, medial, and
trans-Golgi stacks back into the ER (6, 10, 17, 18, 24). How-
ever, markers of the frans-Golgi network (TGN), do not
move along to the ER upon BFA treatment (5, 6, 18, 32).

Recently, it was reported that BFA transforms the mor-
phology of endosomes, lysosomes, and the TGN in normal
rat kidney (NRK) cells into more tubular structures (19, 44).
Studies on the distribution of the TGN 38-protein have
shown that BFA treatment may also give a more compact
TGN 38 immunofluorescence around the microtubule or-
ganizing center (19, 28).

Two kidney epithelial cell lines (PtK and MDCK) have
Golgi stacks that appear to be morphologically resistant to
BFA (15, 16, 32). However, BFA treatment does cause forma-
tion of tubular endosomes in both cell lines, suggesting that
the effect of BFA on endosomes is not directly coupled to the
effect on the Golgi apparatus (15, 19).

In MDCK cells there are two distinct populations of early
endosomes localized close to the apical and the basolateral
surface domains, respectively. Markers of apical and baso-

3 well documented effect of the fungal metabolite bre-

1. Abbreviations used in this paper: BFA, brefeldin A; TGN, trans-Golgi
network; TER, transepithelial resistance.
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lateral endocytosis are therefore initially separated, before
they enter mannose-6-phosphate receptor-rich late endo-
somes and lysosomes shared by the two pathways (3, 26, 42).
Early apical and early basolateral endosomes display differ-
ences in their fusion machineries and in the way they handle
internalized markers (2, 3, 26). We therefore found it of in-
terest to examine if BFA had similar or different effects on
endocytosis and intracellular traffic from the apical and
basolateral surface domains of polarized MDCK cells.

We report here that BFA increases the endocytosis selec-
tively from the apical surface of polarized MDCK cells,
Moreover, transcytosis in the basolateral to apical direction
is also increased by BFA.

Materials and Methods

Materials

HRP, type II and VI-A, o-dianisidine, p-nitrophenyl-N-acetyl-3-p-glucos-
aminide, pronase, diamino-benzidine, BSA (fraction V), SPDP (3-[2 pyr-
idyldithio]-propionic acid N-hydroxysuccinimideester), Hepes, and Tris
were obtained from Sigma Chemical Co. (St. Louis, MO). Imidazole was
obtained from Serva Biochemicals, (Heidelberg, Germany), sucrose from
Merck, (Darmstadt, Germany), and BFA from Epicentre Technologies
(Madison, WI). The BFA analogues B16 and B21 were a kind gift from Dr.
Jennifer Lippincott-Schwartz (National Institutes of Health, Bethesda,
MD). Nycodenz was obtained from NYCOMED (Oslo, Norway); [*H]-
leucine and Na'?’l were from the Radiochemical Centre (Amersham,
UK). Ricin-HRP conjugates were prepared by the 3-[-2-pyridyldithio]-
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propionic acid N-hydroxysuccinimideester (SPDP)-method as previously
described (38).

Celis

MDCK (strain I), HEp-2, and T47D cells were grown in Costar 3000 flasks
(Costar, Badhoevedorp/The Netherlands) or T-25 flasks (NUNC, Roskilde,
Denmark). MDCK cells were also seeded on polycarbonate filters (Costar
Transwell; pore size, 0.4 um; diameter, 24.5 mm) at a density of 10% per
filter and used for experiments 3 or 4 d later (42). Transcytosis of ricin from
the basolateral to the apical surface was also determined in MDCK strain
II cells. All filters with MDCK I cells used for experiments had a trans-
epithelial resistance of at least 2,000 ohm X cm? as measured with the
Millicell-ERS equipment (Millipore Corporation, Bedford, MA), also at
the end of experiments involving incubation with BFA. The medium used
was DME (3.7 g/l sodium bicarbonate; Flow Laboratories, Irvine, Scot-
land) containing 5% FCS (MDCK) or 10% FCS (HEp-2 and T47D), nones-
sential amino acids (Gibco, Ltd., Paisley, Scotland) and 2 mM r-glutamine
(Gibco, Ltd.). Endocytic uptake measurements of ricin and HRP in MDCK,
HEp-2, and T47D cells were performed in Hepes (20 mM) buffered DME
with 2 mM glutamine, without sodium bicarbonate (DME-H, Flow Labora-
tories), supplemented with 0.2% BSA.

Measurement of Cytotoxic Effect

After incubation of MDCK cells on polycarbonate filters with 0-1,000
ng/ml of ricin apically or basolaterally, the medium was removed, and the
cells were incubated in the same medium (no unlabeled leucine) for 10 min
at 37°C with 1 uCi of [*H]leucine per ml. Then the solution was removed,
the cells were washed twice with 5% (wt/vol) TCA and solubilized in KOH
(0.1 M). Finally, the acid-precipitable radioactivity was measured. The ex-
periments were carried out in duplicate. The difference between duplicates
was <10% of the average value.

Measurement of Endocytosis and Transcytosis of HRP
and *I-Ricin

Endocytosed and transcytosed HRP was quantitated by the o-dianisidine
reaction as described (3, 43). After endocytic uptake at 37°C cells in 6-well
plates or on polycarbonate filters were cooled to 0-4°C and washed 5 X
15 min with cold PBS/0.2% BSA. The cells were subsequently lysed with
1% Triton X-100 and 0.05% SDS, and HRP in the lysate was quantitated.
Endocytosis of 2*I-labeled ricin (100-200 ng/ml, 30,000-40,000 cpm/ng)
was measured as the amount of toxin that could not be removed by 5 X 15
min washes with 0.1 M lactose/0.2% BSA in cold PBS as previously de-
scribed (30). Transcytosis of ricin was measured as described by van Deurs
et al. (42). Incubations with and without BFA were performed as indicated
in legends to figures.

Measurement of Ricin Transport to the Trans-Golgi
Network by Subcellular Fractionation

Filter-grown MDCK cells were incubated with '®I-ricin (300 ng/ml,
40,000 cpm/ng) apically or basolaterally and washed as described (23).
Cells were then scraped off 4-6 filters per experimental point with a rubber
policeman after addition of homogenization buffer (H-buffer: 0.3 M su-
crose, 3 mM imidazole, pH 7.4). The pooled cells were pelleted by centrifu-
gation for 10 min at 100 g and homogenized and fractionated as described
(23, 33). Briefly, the postnuclear supernatant (PNS) was subjected to dis-
continuous gradient centrifugation in a system similar to that reported by
Sandberg et al. (29). In the bottom of SW-40 tubes, gradients were made
of 4.5 ml light solution (1.15 M sucrose, 15 mM CsCl) and 1.5 ml heavy
solution (1.15 M sucrose, 15 mM CsCl, 15% Nycodenz [wt/vol}). The gra-
dients were made in a Biocomp Gradient Master, Nycomed, Oslo (angle
74, speed 16, time 2 min, 45 s). PNS (5.6 parts) was mixed with 2 M su-
crose, 10 mM CsCl (4.4 parts), usually a total of 1.5 ml, and layered on
top of the gradients. This was again overlayed with 3 ml 0.9 M sucrose, and
finally 1-2 ml of 0.3 M sucrose. After 4.5 h at 33,000 rpm in a Beckman
SW-40 rotor, the gradients were fractionated (20-28 fractions) and analyzed
with respect to marker distribution. The amount of ricin in the Golgi frac-
tions was determined as previously described (23, 33).

Enzyme Analysis

HRP was measured according to Steinman et al. (35), UDP-galactose:gly-
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coprotein galactosyl transferase according to Brindli et al. (4), and 8-N-
acetyl-glucosaminidase according to Beaufay et al. (1).

Electron Microscopy

Filter-grown MDCK cells and near-confluent cultures of MDCK, HEp-2
and T47D cells were rinsed twice with DME-H and incubated with HRP
to visualize endosomes and lysosomes in the presence or absence of BFA
as follows: In some experiments, cells were incubated with 0, 5, and 20
pg/ml BFA for 30 min at 37°C followed by incubation for 10-60 min at
37°C with the same concentration of BFA and with 5 or 10 mg/m! HRP
(Sigma type II). In most cases, the cells were rinsed once at 37°C in
DME-H containing BFA in the appropriate concentration, but in some cases
this step was repeated several times at 4°C according to the protocol used
for biochemical measurements.

In other experiments, cells were pulsed for 30 min at 37°C with 5 or 10
mg/mi HRP in DME-H, rinsed 6 times with DME-H only, and chased for
30 min at 37°C. Then, 0, 5, or 20 pg/ml BFA was added and the cells were
incubated for another 30 or 60 min at 37°C and fixed.

In both experimental set-ups, when carried out with filter-grown MDCK
cells, BFA was added to both sides of the filter, whereas HRP was added
from either the apical or the basolateral side only. Fixation was carried out
using either 0.5 or 2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.3,
or 2% paraformaldehyde and 0.1% glutaraldehyde-in the same buffer. After
fixation, cells were processed for DAB-cytochemistry immediately and con-
trasted en bloc and embedded in Epon as previously described (13). Thin
(30-40 nm) and thick (200-400 nm) sections were cut using interference
color to monitor section thickness and examined (sometimes after further
contrasting with uranyl acetate and lead citrate) in a Jeol 100 CX micro-

scope.

Results

BEA Stimulates Apical Endocytosis in MDCK Cells

Transport of ricin, which binds to galactose residues of
membrane glycoproteins and glycolipids, and of the fluid
phase marker HRP has been studied extensively in MDCK
cells (3, 23, 26, 42, 43). We applied these two markers to
study the possible effects of BFA treatment on membrane and
fluid transport in confluent MDCK cell monolayers grown
on permeable polycarbonate filters. In some experiments the
cells were preincubated for 20 min at 37°C with 0-20 ug/ml
of BFA, before ricin or HRP was added to the apical or the
basolateral medium, followed by another 60 min at 37°C in
the presence of BFA. The amount of internalized ricin or
HRP was then determined. In the same experiments, trans-
cytosis across the epithelial monolayer was also measured
(3, 42).

Cellular accumulation of both ricin and HRP endocytosed
from the apical surface was enhanced by BFA concentrations
from 2-20 pg/mi, concentrations previously shown to give
redistribution of Golgi components to the ER in other cell
types than MDCK (6, 10, 17, 18, 24). The increase was
~ twofold for ricin and 2.5-fold for HRP (Fig. 1, A and B).
By contrast, transcytosis in the apical to basolateral direc-
tion was largely unaffected (Fig. 1, C and D).

For our morphological studies we allowed MDCK cells to
endocytose HRP for 10-30 min at 37°C, since this allows en-
dosomal compartments to be reached by the tracer, whereas
lysosomes only participate to a minor degree (if any) in the
overall picture. Moreover, in the short-time experiments (10
min) only early endosomes are reached (3, 26, 42). In the
following, all HRP-labeled structures will operationally be
referred to as endosomes without any attempt to distinguish
earlier from later forms, until we specifically deal with lyso-
somes. When filter-grown MDCK cells were incubated with
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Figure 1. Effect of BFA on apical endocytosis (4 and B) and api-
cal-basolateral transcytosis (C and D) of ricin (4 and C) and HRP
(B and D). Filter-grown MDCK I cells were preincubated for 20
min at 37°C with concentrations of BFA from 0-20 pug/ml be-
fore '¥I-ricin (150 ng/mi, 40000 cpm/mg) or HRP (1 mg/ml) was
added to the apical medium. The cells were then incubated for an-
other 60 min, before the filters were transferred to 4°C and washed
and analyzed as described in Materials and Methods. The figure
shows representative set of three similar experiments with six filters
(+SD) per bar.

HRP (5 or 10 mg/ml) from the apical surface for 20 min, fol-
lowed by fixation, DAB cytochemistry and Epon embedding,
light microscopical examination of 2-um sections cut per-
pendicular to the filters revealed moderate amounts of label-

HRP Bas

ing in endosomes localized mainly apically (Fig. 2 ). When
the cells were incubated for 30 min with BFA (5 ug/ml) be-
fore addition of HRP to the apical medium and further in-
cubated at 37°C for 10-30 min, we found that ~50% of the
cells showed unchanged levels of uptake, compared with the
controls. However, in the remaining 50% a dramatic ac-
cumulation of HRP-containing apical endocytic structures
were seen (Fig. 2 b). Analysis of serial sections (1- and 2-um-
thick) in the light microscope clearly revealed that this varia-
tion was not within individual cells (e.g., clusters of endo-
cytic vesicles), but were within the population of cells.

To further clarify the kinetics of the increased apical en-
docytosis in the presence of BFA, we measured the effect of
the drug on ricin and HRP uptake during a period of 5-30
min. Increased uptake of both markers could be measured
already after 5 min at 37°C (Fig. 3). Since the effect of BFA
on apical accumulation of HRP and ricin was rapid, the in-
creased accumulation was most likely caused by a higher en-
docytic activity at the apical membrane. This view was sup-
ported by measurements of the effect of BFA on the recycling
of ricin. MDCK cell monolayers were incubated in the pres-
ence or absence of BFA (2 pg/ml) for 20 min at 37°C before
12]-ricin was allowed to internalize from the apical or the
basolateral side of the filters for 20 min. Membrane-bound
ricin was then removed by lactose washes, and recycling was
monitored the next 50 min. As shown in Fig. 4, the baso-
lateral recycling of ricin was unchanged, and recycling back
to the apical surface domain was only slightly reduced, when
expressed as percentage of intracellular ricin after the initial
20 min of internalization.
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Figure 2. Light micrographs (using a blue filter to enhance the contrast of the brown reaction product) of unstained 2-um sections of filter-
grown MDCK cells exposed to HRP. The specimens were reacted with DAB and embedded in Epon. In a the cells were incubated for
20 min at 37°C with HRP (5 mg/ml) from the apical side before a brief wash and fixation. Apical endosomes containing internalized HRP
are seen as discrete, dark dots. In b the cells were first incubated with BFA (5 ug/ml) for 30 min and then with HRP added apically in
the presence of BFA for 20 min at 37°C. Approximately half of the cells show a marked increase in HRP accumulation while the rest
(arrows) show normal endocytic activity. In ¢ the cells have been incubated with HRP added basolaterally for 20 min at 37°C, and in
d, first with BFA for 30 min and then also with HRP added basolaterally for 20 min. In either case endosomes containing internalized
HRP are seen as distinct dots. Thus BFA does not appear to induce increased accumulation from the basolateral surface. Bar, 20 pm.

Prydz et a). Brefeldin A and Membrane Transport in MDCK Cells
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Figure 3. Effect of BFA on apical endocytosis of ricin (4) and HRP
(B) after different times of incubation. Filter-grown MDCK cells
were incubated for 20 min at 37°C in the absence or presence of
BFA (2 pg/ml), before *I-ricin (200 ng/ml, 40,000 cpm/ng) or
HRP (1.0 mg/ml) was added to the apical medium. The incubations
were terminated after the indicated times, and the cells were
processed as described in Materials and Methods. Representative
sets of three similar experiments. (4) Mean of duplicate filters. (B)
Each value is mean of four filters (+SD).

Since biochemical measurements on BFA-treated MDCK
cells thus revealed an overall increase in apical endocytosis
of HRP by a factor 2.5, and the light microscopical studies
showed a marked heterogeneity in the BFA effect on apical
endocytosis, with only 50% of the MDCK cells showing an
increase in endocytosis, BFA had actually induced an
~fivefold increase in apical endocytosis of HRP in these
cells. The fact that apical fluid phase endocytosis is stimu-

-
=]
o

Apical 0
0

(3 N,
K o «—"

'; 60 / ./ «— Apical, + BFA
% ° / A
§' ®°  Basolateral /‘/
(3 =t

|4
o

Basolateral, + BFA

(% of endocytosed ricin at time zero)

1 I I 1 I

10 20 30 40 50
Time (min)

Figure 4. Effect of BFA on recycling of ricin. MDCK monolayers
grown on filters were incubated for 20 min at 37°C with or without
BFA (2 ug/ml) before '*I-ricin was added to the apical or the
basolateral medium. After a loading period of 20 min, cell surface
bound ricin was removed with 0.1 M lactose in PBS+ as described
in Materials and Methods before recycling of ricin was measured
after the indicated times. The medium then contained 10 mM lac-
tose to release recycled cell-surface bound toxin.
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Figure 5. Effect of BFA on basolateral endocytosis (4 and B)
basolateral-apical transcytosis (C and D) of ricin (4 and C) and
HRP (B and D). MDCK cells were preincubated for 20 min at 37°C
with BFA (0-20 ug/ml) before '*I-ricin (150 ng/ml, 40,000
cpm/ng) or HRP (0.5 mg/ml) was added to the basolateral medium.
The cells were then incubated for another 60 min, before the filters
were cooled and processed as described in Materials and Methods.
Representative set of three similar experiments. Each bar is mean
of six filters (+SD).

lated more efficiently than membrane endocytosis by BFA,
suggests the formation of larger vesicles after BFA treatment.

Basolateral to Apical Transcytosis Is Stimulated
by BFA

Basolateral endocytosis of both ricin and HRP was essen-
tially unchanged in the presence of BFA as revealed by both
biochemical and morphological methods (Figs. 2, ¢ and d,
and 5, A and B). BFA (5 pg/ml) had no effect on the cellular
accumulation of HRP and ricin after basolateral administra-
tion for shorter periods of time (5, 10, 15 and 30 min, not
shown). By contrast, transcytosis from the basolateral to the
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Figure 6. Effect of BFA on the transepithelial resistance of filter-
grown MDCK cell monolayers. Filters with confluent MDCK cell
monolayers were incubated with 0 (a), 0.5 (e), 10 (0), 20 (D),
50 (m), 10 (a), or 20 (+) ug/ml BFA for increasing periods of
time. TER was measured as described in Materials and Methods.
The TER values obtained with the higher concentrations of BFA
after 9 or 11 h were still above 1,500 ohm X cm?. The average
TER at time zero was 3,500 ohm X cm?.
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Figure 7. Filter-grown MDCK cells were incubated with BFA (5 pg/ml) for 30 min and thereafter for 20 min with HRP (5 mg/ml) from
the basolateral surface in the presence of BFA, before a very brief wash and further processing for EM. In a is seen two normal-appearing
endosomes of the multivesicular body-type containing HRP, similar to what is found without BFA. In b, a cell with distinctly tubular endo-
somes is shown (as seen in 15-20% of the cell profiles examined), and ¢ shows cell profiles with a normal-appearing multivesicular endo-
some (arrow) as well as many smaller, spherical endosomes. Bars: (a) 0.5 um; (b and ¢) 1.0 um.

apical pole of the MDCK cell monolayers was enhanced,
1.5-2-fold for ricin and slightly more for HRP (Fig. 5, C
and D).

To exclude the possibility that BFA caused an opening of
tight junctions which would invalidate our measurements of
transcytosis, we determined the effect of BFA on the tight
junctions by measuring the transepithelial resistance (TER)
after treatment of MDCK cell monolayers with BFA (0.5-
200 pg/ml). BFA induced a reduction in TER between 2 and
4 h after addition of the drug (Fig. 6). After 9 and 11 h the
TER had dropped to about half of control values (which were

Prydz et al. Brefeldin A and Membrane Transport in MDCK Cells

~n3,500 ohm X cm? for the filters in Fig. 6), but all end-
point TER values were >1,500 ohm X cm?. Our endocyto-
sis and transcytosis experiments were all terminated within
2 h from BFA addition.

Since it has recently been shown that BFA inhibits transcy-
tosis of IgA in MDCK II cells transfected with the polymeric
IgA receptor (15), we also tested the effect of BFA on
basolateral to apical transcytosis of ricin in the MDCK II
strain. We found that transcytosis of ricin was stimulated
~twofold both by 2 and 5 ug/ml of BFA also in these cells.
In agreement with our results, I. Mellman and co-workers
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Figure 8. Thick (250 nm) section of MDCK cells treated as in Fig. 7. Spherical endosomes with HRP are distinct and in addition, some
short, tubular endosomes are present (arrows). Moreover, a lysosome without HRP (Ly) and three Golgi profiles (Go) are seen. Nu, nucleus.

Bar, 1.0 um.

find that transcytosis of Igp 120 from the basolateral to the
apical pole is resistant to BFA under conditions that com-
pletely block polymeric IgA (pIgA) transcytosis (I. Mell-
man, personal communication).

Two BFA analogues, B16 and B21, with very similar mo-
lecular structures to BFA, have been shown to be inactive
with respect to disruption of the Golgi apparatus (25). These
analogues could neither stimulate apical endocytosis, nor
basolateral-apical transcytosis in MDCK cells (not shown).

Ultrastructural Analysis of Endosomes and
Lysosomes in BFA-treated Cells

We next analyzed ultrastructurally the effect of BFA on inter-
nalization of HRP in polarized MDCK cells. In most of the
morphological studies, very short washes were used at 37°C
before fixation to interfere as little as possible with cell struc-
ture. Therefore HRP was mostly present in the intracellular
spaces after basolateral administration (Fig. 7 and 8). With
the thorough washing procedure at 4°C in the quantitative
biochemistry part .of the studies reported here, a complete
washout of HRP was observed.

In control cells, endocytosis of HRP from the basolateral
surface for 10-30 min at 37°C mainly gave rise to spherical
(sometimes multivesicular) endosomes in the lateral and api-
cal cytoplasm. It is well established that the endosomal sys-
tem of various cell types comprises both vacuolar and
tubulo-vesicular portions (11, 21, 37, 39), and this is also true
for the MDCK cells, although endosomal tubules were
rather sparse as revealed by examination of thin (30-40 nm)
as well as thick (200-400 nm) sections.

The Journal of Cell Biology, Volume 119, 1992

When MDCK cells were incubated with BFA (5 ug/ml) for
20-30 min before incubation with HRP at the basolateral
side for 10-30 min, some endosomes were clearly tubular
(tubule diameter of 50-100 nm), in agreement with recent
studies on NRK celis (19) as well as MDCK cells (15). This
was distinct in ~15-20% of the cell profiles examined (Fig.
7 b). In addition, many small vesicles (diameter range
50-300 nm) were observed in some cells (Fig. 7 ¢). The
spherical nature of these structures was settled by using thick
sections and thin serial sections. These small vesicles were
more frequent after BFA treatment than in control cells (see
Fig. 12 B) and may therefore, in addition to endosomal tu-
bules, be induced by BFA. Finally, normal-appearing (spher-
ical) endosomes (diameter range 0.3-0.6 um) were seen in
most cells (Figs. 7 and 8).

In control cells, endocytosis of HRP from the apical sur-
face for 10-30 min was rather limited, and typically gave rise
to 1-5 spherical endosomes per cell profile, 0.3-06 um in
diameter (see Fig. 12 4) and sometimes with the appearance
of multivesicular bodies. In addition, some small (50-300
nm) vesicles and a few endosomal tubules were noticed. This
is in agreement with previous reports that cellular accumula-
tion of HRP after endocytosis from the apical surface is less
than from the basolateral surface of MDCK cells, where the
basolateral surface area is at least threefold larger than the
apical surface area (3, 26, 43).

‘When the cells were treated with BFA (5 ug/ml) for 30 min
before exposure to HRP for 10-30 min from the apical sur-
face, the marker was found in large amounts of vesicles and
tubules, clearly reflecting the marked BFA-induced increase
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Figure 9. Filter-grown MDCK cells were incubated for 30 min with BFA (5 pg/ml) followed by 20 min with HRP (5 mg/ml) from the
apical surface in the presence of BFA. a shows numerous tubular endosomes as seen in ~20% of the cells, and in b four large endosome
vacuoles are shown, representing the situation in other 30-50% of the cells. The arrow in b indicates a normal-sized multivesicular endo-

some. Nu, nucleus. Bar, 0.5 um.

in endocytosis of HRP from the apical surface as revealed
biochemically. Already after 10 min of HRP incubation,
cells with tubular endosomes were found and after 20 min
~20% of all cell profiles contained elaborate systems of
50-100-nm wide tubular structures with HRP as shown in
Fig. 9 a. Even though single tubules could be followed for
up to 2-3 um, especially in thick sections, the tubular sys-
tems often comprised aligned, shorter tubular endosomes
and endosomal vesicles of varying size (Fig. 10). Tubules

Prydz et al. Brefeldin A and Membrane Transport in MDCK Cells

were frequently connected to endosomal vesicles and the
aligned vesicles and tubules were often associated with par-
allel microtubules (Fig. 10, d and ¢). In addition, the apical
cytoplasm of other 30-50% of the cell profiles contained
large numbers of HRP-labeled spherical endocytic struc-
tures, sometimes almost completely occupying the cytoplasm
(Figs. 9 b and 11, ¢ and d). This was clearly different from
what was seen after basolateral endocytosis in BFA-treated
cells. The spherical shape of these numerous BFA-induced
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Figure 10. Examples of endosome tubulation. Filter-grown MDCK cells were incubated for 30 min with BFA (5 ug/ml) followed by 10-30
min with BFA plus HRP (5 mg/m!) from the apical side. In a a short tubular process is shown emerging from a spherical endosome (arrow)
as well as two spherical endosomes connected by a tubular bridge (double arrow), and in b and ¢ aligned spherical and tubular endosomes
are shown. These aligned endosomal elements are often associated with parallel bundles of microtubules as shown in d and e (arrows).
Nu, Nucleus. Bars, 0.5 um.

vesicles and vacuoles was established using thin and thick  as fewer, but much larger, vacuoles (700-1,300 nm), as com-
consecutive sections. The diameter distribution of these pared with the situation without BFA. These larger (>700
structures is shown in Fig. 12 A. It is obvious that BFA has  nm) vacuoles (Fig. 9 b), however, contain severalfold more
induced both myriads of small vesicles (0-300 nm) as well ~ fluid than the small (<300 nm) vesicles and can readily ac-

Figure 11. a-d are examples of spherical endosomes after treatment of filter-grown MDCK cells as described for Fig. 10. a shows a portion
of the apical cytoplasm with a single, multivesicular endosome (oper arrow) and a short tubular endosome above (small arrow), a situation
similar to that found in control cells. A lysosome (Ly) and two Golgi complexes (Go) without HRP are also seen. b shows two multivesicular
endosomes (arrows) surrounded by smaller endosomal vesicles, and ¢ shows numerous spherical endosomes of various size. d shows a
thick (~250 nm) section through a cell similar to that shown in c. e and f are from experiments, where the filter-grown MDCK cells
first were pulsed for 30 min with HRP (5 mg/ml) from the apical surface, then washed carefully and further chased for 30 min before
the cells were incubated for 60 min with BFA (5 ug/ml). Two spherical lysosomes (Ly) containing HRP are shown. In addition, an unlabeled
tubular endosome (small arrows in €) and some spherical endosomes (arrows in f) are seen. Bars, 0.5 um.
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Diameter distribution of HRP-containing spherical compartments
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Figure 12. Diameter distribution of HRP-containing spherical com-
partments after apical (4) and basolateral (B) administration of
HRP. Filter-grown MDCK cells were incubated for 20 min with
HRP (5 mg/ml) (m) or for 30 min with BFA (5§ ug/ml) followed by
20 min with HRP in the presence of BFA (@) from the apical or
the basolateral side. The diameter of vesicles was measured in ran-
domly photographed cell profiles not showing distinct endosome
tubulation (as shown in Fig. 7 b and 9 a). It is seen that after BFA
treatment, both numerous small and some very large spherical en-
dosomes have been generated selectively from the apical surface.

200~ 300-

count for the increase in HRP uptake from the apical surface
after BFA treatment. In the remaining cell profiles, that is,
in those without the pronounced increase in number of HRP-
labeled vesicles, a few (1-5) spherical endosomes (0.3-0.6
pm in diameter) were present, presumably corresponding to
the endosomes also found in the cells not exposed to BFA
(Fig. 11, a and b). The fact that the examined cell profiles
often contained either a few normally appearing endosomes
(Fig. 11, a and b), or tubular endosomes (Fig. 9 a), or most
frequently, large amounts of spherical endosomal vesicles of
various sizes (Figs. 9 b and 11, c and &), suggests a heteroge-
neity in the endosomal populations of MDCK cells, at least
in relation to the effect of BFA.

When the MDCK cells were pulse chased with HRP from
either the apical or the basolateral surface for 30 + 30 min
at 37°C followed by 60 min with BFA, the tracer was clearly
confined to spherical structures operationally defined as
lysosomes (Fig. 11, e and f). However, empty (nonHRP-
labeled) tubules and vacuoles of various sizes in the apical
cytoplasm were noticed (Fig. 11, e and f). The round shape
of lysosomes was emphasized using thick sections. Accord-
ingly, we found no BFA-induced changes in the morphology
of lysosomes in MDCK cells, in contrast to what has re-
cently been reported for NRK cells (19).
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Figure 13. Effect of BFA (0, 2, 5, and 10 ug/ml) on fluid phase en-
docytosis in filter-grown MDCK celis (apical [4] or basolateral [B]
administration), subconfluent MDCK cells (C), HEp-2 cells (D),
and T47D cells (E) grown in 6-well plastic dishes. Celis were
treated with the indicated concentrations of BFA for 20 min at
37°C, before HRP was added and the incubations proceeded for an-
other 60 min. The cells were subsequently cooled to 4°C and the
cells on filters or in 6-well plates were washed five times, 15 min
each (with shaking) in ice-cold PBS/0.2% BSA, before HRP ac-
cumulation within the cells was measured. In parallel experiments
the preincubation with BFA was performed at 37°C, while the incu-
bation with HRP was carried out at 4°C. Only negligible amounts
of cell associated HRP could be detected after the washing proce-
dure, and these background values were subtracted from those ob-
tained at 37°C. The figure shows a representative set of bars from
one of at least three similar experiments in each category. Bars rep-
resent mean of six experimental values (+SD).

To further document the selective, BFA-induced increase
in apical endocytosis in polarized MDCK cells and concomi-
tant formation of frequent, spherical endocytic vesicles and
vacuoles, we next examined the effect of BFA on endocytosis
and endosome morphology in HEp-2, TA7D, and MDCK
cells grown on plastic. Even though HEp-2 cells develop
some degree of polarity, this is definitely less than what can
be obtained with MDCK cells. T47D cells do not develop
tight junctions and membrane polarity (40). Moreover, we
have extensive knowledge on the effects of BFA on the Golgi
apparatus of these cell lines. Thus, BFA transforms Golgi
stacks of HEp-2 and T47D cells into characteristic tubulo-
vesicular Golgi reticula (32), which were used in the present
study as an “internal” control that BFA had actually influenced
the cells (not shown).

As found for endocytosis from the basolateral surface of
filter-grown MDCK cells, BFA had no effect on endocytosis
of HRP in HEp-2, T47D and subconfluent MDCK cells
grown on plastic (Fig. 13). BFA did stimulate to some extent
cellular accumulation of HRP in highly confluent MDCK
cells grown on plastic (not shown). Under these conditions
the plasma membrane facing the medium bears resemblance
to the apical membrane of truly polarized MDCK cells (22).

EM revealed spherical endosomes as well as tubular endo-
somes containing HRP in the three cell lines on plastic.
When the cells were exposed to BEA for 30 min before incu-
bation with HRP for 10-60 min at 37°C, spherical endo-
somes were clearly predominating even in thick sections
(Fig. 14 a), although tubulation couid be rather pronounced
regionally (Fig. 14 b). It should be stressed that tubular en-
dosomes identical to those shown in Fig. 14 b could be
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Figure 14. (a and b) Thick (200 nm) sections of HEp-2 cells grown on plastic and incubated with BFA (20 ug/ml) for 30 min and thereafte:
for 30 min with HRP (10 mg/ml) in the presence of BFA. While in most cases little or no endosome tubulation was observed (a), a distinct
tubulation was sometimes seen (b). Er, endoplasmic reticulum; Nu, nucleus (in both micrographs sectioned tangentially; nuclear pores may
be seen). ¢ is a thick (200 nm) and 4 a thin section of HEp-2 cells which were first pulsed for 30 min with HRP (10 mg/ml), then washed
and further chased for 30 min before the cells were incubated for 60 min with BFA (20 ug/mi). The resulting HRP-labeled lysosomes
are distinctly spherical. Nu, nucleus. C (in d) is a centriole. Bars, 1.0 um.




found, although less frequently, in control cells as well, in
particular in thick sections (36).

In experiments with HRP designed to label lysosomes of
HEp-2 and T47D cells (see above) before addition of BFA,
no HRP-labeled tubules were noticed. Thus, as for MDCK
cells we found that lysosomes were distinctly spherical also
after BFA treatment (Fig. 14 ¢ and d).

Since the experimental and further preparative procedure
may influence the final result in the electron microscope with
respect to vacuolar versus tubular endosomes (36), we used
(a) both 5 and 20 pg/ml BFA, and (b) both 5 and 10 mg/ml
HRP (Sigma type II). Irrespective of the amount of HRP
used, the following DAB cytochemistry was always carried
out immediately after fixation and lasted for 30 min (routine
procedure in our previous studies as well). Moreover, we
used (c) different fixatives: 2% glutaraldehyde, 0.5% glutar-
aldehyde, or 0.1% glutaraldehyde + 2% formaldehyde and
(d) fixations at both 4, 20-22, and 37°C. However, neither
of these procedures (a~-d) modified what we saw in the elec-
tron microscope. Finally, as already described (e) both thin
(30-40 nm) and thick (200-400 nm) sections were examined
in the electron microscope.

MDCK Cells Are Sensitized to Ricin by BFA

‘While BFA protects most cell lines against ricin, BFA actu-
ally sensitized MDCK cells grown on plastic to the toxin
(32). Moreover, as reported previously (15, 32) and also
confirmed here, BFA does not change Golgi morphology in
MDCK cells (data not shown). In relation to ricin this is in-
teresting since transport of internalized ricin to the Golgi
complex seems to be important for the toxic effect (31, 38,
41). We next investigated if BFA would sensitize the cells to
ricin both after apical and basolateral addition of the toxin.
BFA did actually increase the toxicity of ricin in both cases
(not shown). The amount of ricin transported to the Golgi
apparatus was therefore measured by subcellular fraction-
ation (Table I). The transport from the apical side seemed
to be slightly increased (expressed as percent of internalized
ricin), while from the basolateral side, there was a small
reduction in ricin transport to the Golgi fractions in the pres-
ence of BFA. Thus, other phenomena than increased trans-
port to the Golgi apparatus seem to be responsible for the
increased toxicity of ricin. Cycloheximide has previously
been shown to sensitize other cell lines to ricin (31), and also
MDCK cells were sensitized to the toxin by cycloheximide.
A combination of BFA and cycloheximide did not give any
further sensitization (data not shown), indicating that similar
mechanisms may be responsible for this effect of these drugs.

Discussion

In this study, we have examined the effect of the isoprenoid
fungal product BFA on membrane and fluid transport after
endocytic uptake of ricin and HRP in polarized MDCK epi-
thelial cells.

Two transport routes were highly stimulated by BFA, the
apical endocytic uptake and transcytosis in the basolateral to
apical direction. None of the studied transport routes seemed
to be dramatically blocked, but we found some reduction in
the transport of ricin to the Golgi apparatus.

Effect of BFA on Apical Endocytosis

Endocytosis from the apical surface of MDCK cells is the
first example of a vesicular transport route that is stimulated
by BFA. The uptake of both the membrane marker ricin and
the fluid phase marker HRP was stimulated twofold or more.
It has been shown recently that BFA treatment causes tubula-
tion of endosomes (15, 19). In the present study we also find
endosome tubulation, but it should be stressed that a marked
heterogeneity in endosome response to BFA exists in all cell
types here examined (MDCK, HEp-2, T47D), and that
spherical shapes are still predominating in the total endo-
some population at the ultrastructural level, irrespective of
the experimental setup and subsequent preparative proce-
dures. More or less extended tubular or tubulo-vesicular en-
dosomes or endosome processes associated with spherical
endosomes have been described in several cell types and by
various approaches (11, 14, 21, 36, 37, 39). One could there-
fore speculate that tubular and spherical endosomal elements
exist in a dynamic equilibrium and that this equilibrium is
dependent on cell type (cell line), physiological, and pre-
sumably also experimental conditions. After BFA treatment
it is shifted towards more tubules. Thus, in individual ran-
dom sections or micrographs, tubular endosomes of identi-
cal appearance can be seen both in control cells and in cells
treated with BFA., It is therefore interesting that the increased
endocytosis observed specifically from the apical surface
of filter-grown MDCK cells after BFA treatment apparently
involved de novo formation of numerous spherical endo-
somes of various sizes, rather than appearance of more fre-
quent tubular endosomes as seen also in other cell types
(e.g., HEp-2 and T47D), where BFA does not increase en-
docytosis.

Apical and basolateral endocytosis in MDCK cells is
known to involve distinct sets of apical and basolateral early
endosomes (3, 26). These two classes of endosomes sort in-
ternalized markers differently (3), and are unable to ex-

Table 1. Effect of BFA on Internalization of '*I-Ricin and Transport of the Toxin to the Golgi Fractions in MDCK Cells

Side of Ricin in the Golgi fractions

administration Internalized ricin (in percent of internalized ricin)
cpm

Apical +BFA 1.90 x 10° + 0.13 x 10¢ 454+ 04(n =295

Apical -BFA 1.13 x 105 + 0.09 x 10° 36+05(0n=275)

Basolateral +BFA 7.14 x 10° + 0.16 x 10° 35+£01(n=23)

Basolateral —BFA 7.55 x 10° + 0.21 x 10° 524+02(®m =23

After preincubation with or without BFA for 20 min at 37°C, '*I-ricin was added to the apical or the basolateral medium (300 ng/ml, 40,000 cpm/ng). The incu-
bation was continued for 60 min at 37°C. Homogenization and subcellular fractionation was carried out as described in Materials and Methods. The amounts

of ricin in the Golgi fractions are given as the mean of 3-5 experiments + SD.
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change content by in vitro fusion (2). The fact that BFA only
stimulates apical endocytosis in MDCK cells is another ar-
gument for the existence of important functional differences
in the apical and the basolateral endocytic pathways in
MDCK cells. The underlying mechanism for the stimulation
of apical endocytosis by BFA is not evident. Although BFA
treatment of most cell types has dramatic consequences for
the morphology of the Golgi apparatus and also results in
changes in the appearance of the early endosomal compart-
ment and the TGN (15, 19, 28, 44), the functional conse-
quences of BFA treatment are less well known. The return
of the Golgi stacks to the ER results in a block in protein
secretion (24). The microtubule-dependent tubulation of
early endosomes (15, 19, 44) and changes in TGN morphol-
ogy (19, 44) seen with BFA have been suggested to be accom-
panied by colocalization of labeled early endosomes with
TGN markers, presumably by fusion of the two compart-
ments (19, 44). The earliest events detected after addition of
BFA to cells is the dissociation of coat proteins from the
Golgi complex resulting in a cytosolic distribution pattern (7,
9, 34). It has been proposed that one important role of coat
structures is to prevent the interaction of membrane buds
with microtubules by packing in the microtubule motor pro-
teins, and that the morphological results of BFA treatment
is due to the rapid dissociation of coat structures (27). This
hypothesis is supported by the order of events of the changes
the Golgi apparatus undergoes with BFA treatment. Like-
wise, it is possible that the BFA-stimulated increase in apical
endocytosis is due to dissociation of certain proteins from
the apical membrane, proteins that serve to regulate the rate
of endocytosis.

Effect of BFA on Basolateral to Apical Transcytosis

We found that, in addition to apical endocytosis, the baso-
lateral to apical transcytosis of ricin and HRP was also
stimulated by BFA treatment. In contrast, transcytosis of
pIgA was found to be blocked by BFA treatment (15). These
apparently different results are not due to MDCK cell clonal
variance. In agreement with this, transcytosis of Igp 120 is
resistant to concentrations of BFA that block pIgA transcyto-
sis (I. Mellman, personal communication). Indirect lines of
evidence indicated that the pIgA receptor was unable to exit
from early basolateral endosomes. This effect could be due
to the dissociation of a cytoplasmic coat of yet unknown
composition from early endosomes (15). Our finding that
transcytosis of general membrane and fluid phase markers
like ricin and HRP is not blocked by BFA, but rather en-
hanced in the basolateral-apical direction could be explained
by different models. One possibility is that BFA disturbs the
proper association of the plgA receptor with transcytotic
vesicles budding from early basolateral endosomes. Another
possibility could be that there are two or more transcytotic
pathways working in parallel, and that one of these, responsi-
ble for the transcytosis of pIgA is blocked. This would imply
that more than one type of transcytotic vesicie buds off from
early basolateral endosomes.

Possible Effects of BFA on the Golgi Apparatus in
MDCK Cells

MDCK cells and PtK cells are the two cell lines discovered
until now with Golgi stacks that seem morphologically resis-
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tant to BFA (15, 16, 32). However, although no morphologi
cal changes have been detected in the Golgi apparatus o
MDCK cells during BFA treatment, several processes in
volving the Golgi apparatus are affected. Apical proteir
secretion is inhibited by low concentrations of BFA (20). The
inhibited step could be at the level of the TGN, where apica
and basolateral components are sorted into vesicles destinec
for the apical and basolateral surfaces, respectively (12). The
intoxication of cells by ricin is believed to involve endocyto-
sis and transport to the TGN followed by translocation from
the TGN or a nearby compartment (41). While BFA pro-
tected most cell lines against ricin (32), MDCK cells actu-
ally became more sensitive after both apical and basolateral
administration of the toxin. This could, at least for uptake
of ricin from the basolateral surface, not be explained by
increased transport of ricin to the Golgi apparatus. Thus it
is possible that BFA has an effect on the Golgi apparatus
of MDCK cells, although this organelle seems unaffected
structurally.
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