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Abstract In ciliated protozoa, most nutrients are inter-
nalized via phagocytosis by food vacuole formation at
the posterior end of the buccal cavity. The uptake of
small-sized molecules and external fluid through the
plasma membrane is a localized process. That is because
most of the cell surface is internally covered by an
alveolar system and a fibrous epiplasm, so that only
defined areas of the cell surface are potential substance
uptake sites. The purpose of this study is to analyze, by
fluorescence confocal laser scanning microscopy, the
relationship between WGA (Triticum vulgaris aggluti-
nin) and dextran internalization in Paramecium
primaurelia cells blocked in the phagocytic process, so
that markers could not be internalized via food vacuole
formation. WGA, which binds to surface constituents of
fixed and living cells, was used as a marker for mem-
brane transport and dextran as a marker for fluid phase
endocytosis. After 3 min incubation, WGA-FITC is
found on plasma membrane and cilia, and successively
within small cytoplasmic vesicles. After a 10-15 min
chase in unlabeled medium, the marked vesicles decrease
in number, increase in size and fuse with food vacuoles.
This fusion was evidenced by labeling food vacuoles
with BSA-Texas red. Dextran enters the cell via endo-
cytic vesicles which first localize in the cortical region,
under the plasma membrane, and then migrate in the
cytoplasm and fuse with other endocytic vesicles and
food vacuoles. When cells are fed with WGA-FITC and
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dextran-Texas red at the same time, two differently
labeled vesicle populations are found. Cytosol acidifi-
cation and incubation in sucrose medium or in chlor-
promazine showed that WGA is internalized via clathrin
vesicles, whereas fluid phase endocytosis is a clathrin-
independent process.
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Introduction

Fluid phase and receptor-mediated endocytosis has been
extensively studied in mammalian cells (Mellman et al.
1987; Courtoy 1989; Gruenberg and Howell 1989; van
Deurs et al. 1989) and most of what is understood about
the endocytic process in protozoa comes from studies of
pinocytosis in amoebae (Chapman-Andresen 1962;
Stockem and Wohlfarth-Bottermann 1969; Stockem
1977). The limited data about receptor-mediated endo-
cytosis in ciliates is also due to the difficulty of visual-
izing this process at an optical level. Indeed, in ciliates,
only defined areas on the cell surface are potential sites
for endocytic uptake since most of the surface is covered
internally by an extensive system of alveoli and an un-
derlying fibrous epiplasm (Allen 1988). This system is
interrupted only at the cytopharynx, the cytoproct,
contractile vacuole pores and along the junctions of the
abutting units of alveolar membrane sacs. Only the
punctuate indentations of the plasma membrane, called
parasomal sacs, and pellicular pores are potential
endocytic entry ports of all fluid phase and putative
receptor-mediated endocytosis (Nilsson and van Deurs
1983; Allen et al. 1992; Allen and Fok 1993).

Detailed morphological and tracer studies on endo-
cytosis carried out by electron microscopy showed that,
in Paramecium multimicronucleatum, fluid phase mark-
ers such as horseradish peroxidase (HRP), and, in
Tetrahymena pyriformis, receptor-mediated markers
such as cationized ferritin, are internalized via coated
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pits and are found in coated vesicles (Nilsson and van
Deurs 1983; Allen et al. 1992). Both coated pits and
vesicles are also labeled in fixed cells when a monoclonal
antibody against the plasma membrane of P. multimi-
cronucleatum (C6 antigen) is applied to cryosections,
suggesting that both membrane-bound and fluid phase
markers are internalized at the coated pits (Allen et al.
1992). Most endocytotic sites are clathrin-coated pits;
however, there is increasing evidence in mammalian cells
for clathrin-independent pathways, mediated by caveo-
lae or non-coated vesicles (Lamaze and Schmid 1995).

The scope of this work is to study the relationship
between WGA (Triticum vulgaris agglutinin) and dex-
tran internalization in P. primaurelia cells blocked in the
phagocytic process, so that markers could not be inter-
nalized via food vacuole formation. WGA, which binds
to surface constituents of fixed (Allen et al. 1988;
Ramoino 1997) and living cells, was used as a marker for
membrane transport and dextran as a marker for fluid
phase endocytosis.

Materials and methods

Chemicals

10,000 dextran-Texas red (TXR) was obtained from Molecular
Probes (Eugene, Ore., USA). Triticum vulgaris agglutinin conju-
gated with fluorescein isothiocyanate (WGA-FITC), bovine serum
albumin conjugated with Texas red (BSA-TXR) or with fluorescein
isothiocyanate (BSA-FITC), chlorpromazine, filipin, nystatin and
the other chemicals were purchased from Sigma (Germany).

Cell cultivation

Paramecium primaurelia stock 90 was grown at 25 °C in lettuce
medium (pH 6.9) bacterized with Enterobacter aerogenes. Cells
were harvested in the mid-log phase of growth.

Blocking of phagocytic activity

Cells were pre-treated for 15 min with trifluoperazine, a calmodulin
antagonist that has been shown to inhibit Paramecium phagocy-
tosis (Allen et al. 1992). The effective dose (2.5-5 pg/mL) required
to block the uptake of latex particles was estimated prior to each
experiment.

Marker uptake and intracellular flow

Living cells were pulsed continuously in sterile medium containing
either WGA-FITC (50 pg/mL) or dextran-TXR (0.2 mg/mL) for
times of 30 s as well as 1, 2, 3 and 5 min before fixation. Additional
cells were pulsed for 3 min and chased in fresh unlabeled medium
for 5, 10, 15, 20, 30, 45 and 60 min. Cells were fixed at room
temperature for 30 min in 2% paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4).

Double labeling experiments

In additional experiments, in order to analyze the relationship
between the endocytic vesicles and the phagosome-lysosome system
vesicles, cells were first fed for 30 min with BSA-TXR or BSA-
FITC (0.2 mg/mL final concentration) and latex particles (0.3 um

diameter, 0.2 mg/mL), washed and then processed as described
above (inhibition of phagocytosis and labeling with WGA-FITC or
with dextran-TXR).

The relationship between the markers internalized via fluid
phase and membrane-mediated transport was studied by pulsing
continuously the cells both with 50 pg/mL WGA-FITC and
0.2 mg/mL dextran-TXR for 30 s as well as 1, 2, 3, 5 and 10 min,
or by pulsing the cells for 5 min and fixing them after a 0, 5, 10, 15,
20, 30, 40, 50 and 60 min chase in unlabeled medium.

Inhibitory treatments

To study the effect of medium hypertonicity (0.20 M sucrose), cy-
tosol acidification (10 mM acetic acid, pH 5.0), chlorpromazine
(0.5 pg/mL), nystatin (2 pg/mL) and filipin (0.1 pg/mL) cells were
pulsed continuously in sterile medium containing WGA-FITC
(50 pg/mL), dextran-TXR (0.2 mg/mL) and the inhibitors for 2, 5,
10 and 15 min before fixation, with or without pre-incubation in
the inhibitors for 15 min. In additional experiments, cells pulsed for
5 min in a medium containing the fluorochromes were washed and
fixed after a 5, 10, 20 and 30 min chase in fluorochrome-free me-
dium. The inhibitors were present from the beginning of the pulse
to the end of the chase.

Image acquisition and analysis

Images were acquired by CLSM using a Nikon PCM 2000 (Nikon
Instruments, Florence, Italy), an ultracompact laser scanning mi-
croscope system based on a galvanometer point-scanning mecha-
nism, a single pinhole optical path and an all-fiber optical system for
delivering light, both in excitation and in collection (Diaspro et al.
1999). Volumetric scanning, along the x, y, z axes, was produced at
high spatial resolution. Dual channel acquisition, plus a third
channel switchable to transmission or to a third fluorescence
imaging modality, was performed at a rate of one full 1024x1024
frame every 2 s, assuring a line scan at 2 ms. Integration time ran-
ged from 1.5 to 100 ps. The PCM 2000 scanning head was mounted
on an inverted optical microscope (Nikon Eclipse TE 300). An ar-
gon-ion laser (488 nm, 514 nm) and a He-Ne laser (543.5 nm), en-
closed in a common multi-laser module, provided the excitation
beams that were delivered to the scanning head through a single-
mode optical fiber plugged directly into the optical scanning head.
Photomultiplier tubes (PMTs) were placed within the control unit
and the collected light was conveyed through high-transmission
optical fibers. This greatly reduced the electronic noise at the PMTs
output and saved space inside the scanning head. The microscope
was set to standard conditions for fluorescein fluorescence (excita-
tion, 488 nm; emission, 515/530 nm), TRITC fluorescence (excita-
tion, 543.5 nm; emission, 590 nm) and Texas red fluorescence
(excitation, 543.5 nm; emission, 620 nm), laser power 1.5 mW with
illumination attenuated using a 3% transmission neutral density
filter to reduce photobleaching, a 50 um pinhole diameter and an oil
immersion objective 100x/Na = 1.3 (Diaspro et al. 1996).

The software EZ2000 (Coord, Amsterdam, Netherlands) was
used for image acquisition, storage and visualization.

Control and inhibitory experiments were repeated 3—4 times
and photomicrographs are representative of observations of 30
cells on average in each sample.

Results

WGA-FITC are internalized via food vacuoles formed
at the cytopharynx when it is added to the cell incuba-
tion medium without phagocytosis inhibition. Cells
pulsed for 3 min (Fig. 1a) show some food vacuoles at
the posterior pole of the body. After a 10-min chase
in unlabeled medium the number of fluorescent food



Fig. 1a— Cells fed WGA-FITC for 3 min. Fluorescent lectin is
localized within food vacuoles in the posterior end of the cell (a).
After a 10-min chase in unlabeled medium (b) the number of food
vacuoles increases as the vacuolar content is digested by lysosomal
enzymes and the breakdown substances pass into the cytoplasm
through the vacuolar membrane or by way of small pinocytic
vesicles which fuse with other food vacuoles. After a 20-min chase
in unlabeled medium the vesicles of the phago-lysosomal system are
labeled and after 45 min (c¢) fluorescence is also found on the
plasma membrane

Fig. 2a— Cells blocked in phagocytic activity and labeled with
WGA-FITC for 3 min. Plasma membrane and small vesicles inside
the cell fluoresce (a). After a 10-min chase in unlabeled medium (b),
fluorescence is visible only in a few food vacuoles, whereas after
30 min (c) the labeled food vacuole number increases and small
vesicles throughout the cytoplasm fluoresce

Fig. 3a— In cells blocked in phagocytic activity and labeled with
dextran-TXR for 3 min, fluorescence is visible in small vesicles
located in the cortex under the plasma membrane (a). After a 10-
min chase in unlabeled medium (b), vesicles decrease in number
and increase in size. After 30 min, several food vacuoles are
labeled (¢) and then the number of vacuoles decreases as vacuolar
content is digested and vacuoles are egested at the cytoproct. Bar:
20 pm
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vacuoles increases (Fig. 1b). The increase in labeled food
vacuoles in a fluorochrome-free medium is due to the
fact that the ingested lectins are degraded and pass into
the cytoplasm by small vesicles which then fuse with
other food vacuoles (Ramoino et al. 1996). Increasing
the chase in unlabeled medium increases the fluorescence
inside the cytoplasm, which is found later in the vesicles
of the phagosome-lysosome system and at the plasma
membrane level (Fig. 1c). Conversely, when phagocy-
tosis is blocked by trifluoperazine, the fluorescence is
initially found, in 3 min pulsed cells, on the plasma
membrane and cilia and inside the cell in small cyto-
plasmic vesicles (Fig. 2a). After a 5-10 min chase in
unlabeled medium, fluorescent vesicles fuse with some
food vacuoles (Fig. 2b), and after 20-30 min the labeled
food vacuoles increase in number (Fig. 2c). Therefore,
the digestion inside the vacuoles of lectins internalized
via endocytosis begins later with respect to lectins in-
ternalized via food vacuole formation (phagocytosis).
Moreover, a very weak fluorescence is detectable on a
plasma membrane after longer time periods compared
with lectin internalization via food vacuole formation.

The fusion of endocytic vesicles with food vacuoles is
evidenced by a double-labeling experiment in which the
vesicles are dyed with WGA-FITC and the food vacu-
oles with BSA-TXR (data not shown).

Dextran-TXR (fluid phase endocytosis marker) does
not label the plasma membrane and enters the cell via
small vesicles initially localized at the cortical level
(Fig. 3a). The vesicles later migrate in the cytoplasm and
fuse with other endocytic vesicles and with food vacuoles
(Fig. 3b). The number of labeled food vacuoles increases
as the dextran-labeled vesicles fuse with food vacuoles
(Fig. 3c) and then decreases when the vacuolar content
is digested and food vacuoles containing the indigestible
material are ejected at the cytoproct.

The relationships between the two different routes of
internalization, membrane transport and fluid phase
endocytosis, are clearly shown when cells blocked in
their phagocytic activity are simultaneously fed with
WGA-FITC and dextran-TXR (Fig. 4). The data ob-
tained by confocal microscopy suggest that WGA and
dextran are present in different endocytic vesicles soon
after initiation of uptake (<10 min). The two probes
probably partly join prior to their fusion with the phago-
lysosomal compartment.

From these data we can assume that dextran-TXR
and WGA-FITC enter the cells through two different
vesicle populations. Since studies carried out on mam-
malian cells showed that incubation in a sucrose medium
(Daukas and Zigmond 1985) and cytosol acidification
by acetic acid (Davoust et al. 1987; Sandvig et al. 1987)
inhibit clathrin-mediated endocytosis, we tested the
effect of such inhibitors on WGA and dextran
endocytosis.

After 5, 10 and 15 min incubation in a medium
containing 0.20 M sucrose, WGA endosomal vesicles
are not shown within the cytoplasm and green fluores-
cence is localized at the plasma membrane level (Fig. 5).
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Fig. 4a—c Double labeling
with WGA-FITC and
dextran-TXR. Cells blocked
in phagocytic activity are fed
with WGA-FITC and
dextran-TXR for 5 min

(a, b), and fixed after a
20-min chase (¢) in unlabeled
medium. Both a and b are
images of the same cell
acquired at different focus
planes. Bar: 20 pm

As far as dextran is concerned, rare red vesicles are lo-
calized at a cortical level and in the cytoplasm. Thus,
incubation of cells in hypertonic medium reduces uptake
of both WGA and dextran, but the WGA uptake is re-
duced much more than that of the fluid phase marker.
Through cytosol acidification by 10 mM acetic acid,
pH 5.0, WGA fluorescence is localized at the plasma
membrane level, whereas small red vesicles containing
dextran are localized both in the cortex, under the
plasma membrane, and throughout the cytoplasm
(Fig. 6). A similar fluorescent pattern was seen by using
chlorpromazine (0.5 pg/mL) (data not shown), a cat-
ionic amphiphilic drug which inhibits clathrin-depen-
dent, receptor-mediated endocytosis by reducing the
number of coated pit-associated receptors at the cell
surface (Wang et al. 1993; Sofer and Futherman 1995).
We next used filipin (0.1 pg/mL) and nystatin (2 pg/
mL) to further differentiate the pathway of internaliza-
tion for WGA and dextran. Filipin and nystatin are ef-
fective inhibitors of dextran internalization when added
to Paramecium cells either before, or simultaneously
with, the fluid phase marker (Figs. 7, 8). Actually, sterol-
binding agents such as filipin and nystatin disrupt ca-
veolar structure and function (Schnitzer et al. 1994).

Discussion

In Paramecium the fluorescence amount internalized
by endocytosis is less than that internalized by
phagocytosis, even if an increased endocytic rate is
obtained when food vacuole formation is blocked. In
effect, evidence was provided by electron microscopy
studies that the number of endocytic vesicles increased
when food vacuole formation was blocked by triflu-
operazine, a calmodulin antagonist (Allen et al. 1992).
In addition, by means of a quantitative analysis, it
was shown more specifically that the HRP influx rate

increased twofold when phagocytosis was blocked by
propranolol, a f-adrenergic antagonist (Wyroba 1991).
A relation between phagocytosis and endocytosis was
also found in rabbit alveolar macrophages, when cells
which previously phagocytized latex particles showed
a decreased rate of peroxidase accumulation (Buys
and Kaplan 1987). In Acanthamoeba castellani, the
increased rate of phagocytosis suppressed pinocytosis,
but the combined values of the two uptake systems
were essentially constant (Bower 1977). Wyroba
(1991) suggests that in Paramecium the increased fluid
phase uptake indicates that the two pathways, though
independent, may be limited by a membrane pool
and/or energy requirements. Indeed, forskolin and
phorbol ester, powerful stimulants of Paramecium
phagocytosis (Wyroba 1987, 1989), reduce the HRP
uptake rate.

As for fluid uptake capacity, a low endocytic rate was
also found in P. aurelia (Wyroba 1991): the HRP
amount internalized in paramecia was much lower than
in amoebae and mammalian cells. This result agrees with
data from Kaneshiro et al. (1989) about the uptake of
small organic molecules: the ingestion rate of these
compounds was about six times lower in Paramecium
than that measured in Tetrahymena.

Data obtained in the present pulse-chase study on
P. primaurelia by using fluorescent markers such as
WGA and dextran partly agree with those reported for
P. multimicronucleatum (Allen et al. 1992) and Tetra-
hymena pyriformis (Nilsson and van Deurs 1983), ob-
tained in transmission electron microscopy (EM) using
HRP and cationized ferritin, respectively. Exogenous
fluid and plasma membrane components are internalized
by vesicles which are first localized in the cortical region
of the cell and then migrate in the cytoplasm and fuse
with other endosomal compartments, until their content
is transferred to the food vacuoles (Fig. 9). In the end,
denaturation and digestion of both endosome and food



Fig. 5a—f Effect of
hypertonic medium on fluid
phase and membrane-medi-
ated transport. Cells blocked
in phagocytic activity are
incubated in 0.20 M sucrose,
WGA-FITC and dextran-
TXR for 5 (a, d), 10 (b, e)
and 15 min (c, f). (a, d), (b, e)
and (c, f) are images of the
same cell acquired at
different focus planes.
Sucrose inhibits WGA
internalization and reduces
dextran internalization (d, e,
f). Bar: 20 pm

Fig. 6a—c Effect of cytosol
acidification on fluid phase and
membrane-mediated transport.
Cells blocked in phagocytic
activity are incubated in 10 mM
acetic acid, pH 5.0, WGA-
FITC and dextran-TXR for

5 min. Images are acquired at
different focus planes from the
ventral side (a) to the internal
cytoplasm (b, ¢). Green
fluorescence is localized on the
plasma membrane and red
fluorescence in vesicles in both
the cortical region and
throughout the cytoplasm.

Bar: 20 pm
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Fig. 7a—c Effect of nystatin
on fluid phase and
membrane-mediated
transport. Cells blocked in
phagocytic activity are
incubated in 2 pg/mL
nystatin, WGA-FITC and
dextran-TXR for 5 (a), 10
(b) and 15 min (c). Green
fluorescence is located on the
plasma membrane and in
vesicles through the
cytoplasm; no red vesicles
are seen inside the cell.

Bar: 20 pm

Fig. 8a— Effect of filipin on
fluid phase and membrane-
mediated transport. Cells
blocked in phagocytic activity
are incubated in 0.1 pg/mL
filipin, WGA-FITC and
dextran-TXR for 5 (a), 10 (b)
and 15 min (c). Filipin inhibits
red dextran fluorescence
internalization. Bar: 20 pm

vacuole contents are completed together. The EM
studies showed that HRP is internalized via coated pits
and vesicles (Allen et al. 1992). Both coated pits and
vesicles are labeled by the immunogold technique when
a monoclonal antibody raised against the plasma
membrane of P. multimicronucleatum (Allen et al. 1992)
or a monoclonal antibody raised against the cell surface
(glyco-)proteins (surface antigens) of P. tetraurelia
(Flotenmeyer et al. 1999) is applied to sections of fixed
cells. These data suggest that fluid phase marker inter-
nalization occurs at the clathrin-coated pits, as shown
for receptor-mediated endocytosis. Conversely, we
found by double-labeling experiments that, in
P. primaurelia, WGA and dextran are taken up and
transferred into the cell by two different vesicle popu-

lations, which then can fuse together or with food vac-
uoles. In order to understand if the two markers are
internalized through two separate pathways, cells were
incubated either in a hypertonic medium or in acetic
acid. Indeed, subjecting mammalian cells to either in-
cubation in media containing sucrose (Daukas and
Zigmond 1985) or cytosol acidification with acetic acid
(Davoust et al. 1987; Sandvig et al. 1987) has been
shown to inhibit clathrin-mediated endocytosis by in-
terfering with clathrin-adaptor interactions (Hansen
et al. 1993b), or by altering the structure of clathrin itself
(Heuser 1989; Heuser and Anderson 1989; Hansen et al.
1993a).

In P. primaurelia, 0.20 M sucrose incubation com-
pletely blocks the internalization of WGA, which stops



phagocytosis

Fig. 9 Schematic drawing of phagocytic and endocytic pathways
of internalization in Paramecium based upon WGA-FITC and
dextran-TXR staining. Without phagocytosis inhibition the ingest-
ed material is directed by the oral membranelle beating into the
buccal cavity (bc), the cytopharynx (c¢y) and, finally, into the
nascent food vacuole (nfv). The newly formed food vacuole (fv-1) is
surrounded by acidosomes (ac) discharging their content into it.
The vacuole reduces its size by eliminating water and membrane
through small pinocytic vesicles. The condensed vacuole (fv-1I)
receives the enzymes contained into the primary (/°ly) and
secondary lysosomes (2°ly). The cargo is digested (fv-III) and
pinocytic vesicles containing digestion products are pinched off.
Finally, the indigestible material (fv-1V) is excreted at the cytoproct
(¢p), while the vacuolar membrane is retrieved (rm). The endocy-
tosis of WGA-FITC and dextran-TXR also occurs at the
parasomal sacs located next to the ciliar basal bodies (chb).
Exogenous fluid and plasma membrane components are internal-
ized by vesicles which fuse with food vacuoles, and the denatur-
ation and digestion of endosome and food vacuole contents are
completed together. G=Golgi apparatus; *=WGA-FTC;
® =dextran-TXR; + =degraded material;, —=flow direction
(modified from Allen and Fok 2000)

at the plasma membrane. It also reduces dextran uptake,
which is localized in small vesicles in the cortical part of
the cell and in a few vesicles throughout the cytoplasm.
A reduced uptake of probes in a hypertonic medium, but
with the uptake of the receptor-mediated endocytosis
probe reduced much more than that of the fluid phase
marker, was also found in isolated rat hepatocytes
(Synnes et al. 1999). However, conflicting results were
obtained in mammalian cells as regards fluid phase
endocytosis inhibition. In isolated rat hepatocytes, luci-
fer yellow endocytosis was not inhibited by sucrose (Oka
and Weigel 1989; Oka et al. 1989), and in polymor-
phonuclear leukocytes, inhibition was independent from
the solute used to increase tonicity (Daukas and Zig-
mond 1985). This is in contrast to HRP uptake experi-
ments in 3T3 L1 fibroblasts (Carpentier et al. 1989) and
in baby hamster kidney cells (Davoust et al. 1987),
where the marker internalization was reduced after ex-
posure to hypertonic medium.

In Paramecium, cytoplasm acidification and chlor-
promazine block WGA uptake, not dextran internal-
ization. Acidification of the cytosol of a number of
different cell lines reduced the endocytotic uptake of
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transferrin, even if the number of transferrin binding
sites at the cell surface was increased (Sandvig and van
Deurs 1996). In contrast, acidification has just a slight
effect on the uptake of fluid phase marker lucifer yellow.
Ricin is internalized by both clathrin-dependent and
-independent endocytic mechanisms (Sandvig and van
Deurs 1996, 1999) and a large portion of internalized
toxin is transported to lysosomes for degradation. EGF,
insulin and cytokine receptors, for instance, can also be
endocitosed in the absence of functional clathrin-coated
structures (Subtil et al. 1994).

Conversely, dextran internalization is blocked by
filipin and nystatin, sterol-binding agents that disrupt
caveolar structure and function (Schnitzer et al. 1994).

In conclusion, the data reported here indicate that
WGA and dextran enter the cell via two distinct vesicle
populations and that in Paramecium, as in mammalian
cells, fluid phase endocytosis is unaffected by treatments
that arrest coated pit-mediated endocytosis, indicating
that fluid phase endocytosis is primarily clathrin inde-
pendent.
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