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SUMMARY Phorbol ester diminished LY accumulation by
22% and this effect persisted up to 25 min of incu-
The kinetics of the uptake of the fluid phase markbation. PKC inhibitor did not affect LY uptake.
er Lucifer Yellow (LY), and its alteration by wort- However, in the presence of transferrin, the LY
mannin, an inhibitor of phosphatidylinositol-3 yptake increased within the first 15 minutes fol-
kinase (PI-3K), and the PKC modulators: GF|owed by a rapid 20% decrease in comparison to
109203 X, an inhibitor, and phorbol ester, an activathe control. Such an effect of PKC modulators
tor was studied in eukaryotic modearamecium g ggests that PMA action on fluid phase uptake is
aurelia. Spectrophotometric quantification of LY ot directly mediated by PKC.
accumulation was performed in the presence c
absence of transferrin, a marker of receptor-media
ed endocytosis. Internalization of LY showed &
curvilinear kinetics: the high initial rate of LY uptake INTRODUCTION
(575 ng LY/ mg protein /hr) decreased almost 5-folc
within 15 min, reaching plateau at 126 ng/ mg pro
tein /hr. Transferrin induced a small increase (7.5%
in the fluid phase uptake rate (after 5 min) followec
by a small decrease at longer incubation time:
Lucifer Yellow and transferrin (visualized by strepta-><. ; ,
vidin—FITC) were localized iParameciunby 3-D  USiNg free-flow electrophoresis reported that in the
reconstruction by confocal microscopy. LY showecat liver the fluid phase marker, FITC-dextran was
a scattered, diffuse fluorescence typical of fluicfound in endosomes with the same electrophoret-
phase uptake whereas transferrin accumulated !C mobility as early sorting endosomes labeled by
Wortmannin did not affect LY accumulation but both of which entevia RME. With increasing
decreased it when transferrin was present in trinternalization timeFITC-dextran-labeled com-
incubation medium. This suggests an effect on thpartments co-localized with late, ASOR-con-
transferrin uptake pathway, presumably on thitaining endosomes. On the other hand, Oka &
stage of internalization in “mixing” endosomes toWeigel (1989), Stromhaugt al. (1997) and
which transferrin and LY were targeted. Synneset al. (1999) showed that fluid-phase and

Controversial data may be found in the literature
concerning uptake mechanisms as well as the rela-
tionship between the fluid phase and recep-
tor-mediated endocytosis (RME) even when the
same system was studied. Ellingdral. (1998)
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receptormediated endocytosis markers in hepatoModulation of internalization

cytes enter the cellsa different routesThere isa  The following reagents, that modulate the
growing body of evidence that the content of theprocess of internalization, were used:

pinosomes (formed during the fluid phase uptake 1. GF 109203 X (bisindolylmaleimideTocris
and endosomes - “mix” up inside of the cell anc  Cookson), a very strong and selective protein
the ligands internalized by both pathways enter th  kinase C inhibitor (dullecet al. 1991).

same endosomes (Spibal. 1996, Ellingeret al. 2. PMA (phorbol 12-myristate 13-acetate, Sig

1998, Synnest al. 1999). ma), shown previously to stimula®arameci
Phosphatidylinositol 3-kinase (PI-3K) plays an  umphagocytosis (Woba 1987).

important role in endosome fusion (Joretsal. 3. Wortmannin (Sigma), phosphatidylinositol 3-
1998, Simonseet al. 1998, Corverat al. 1999). kinase inhibitor (Arcaro and/ymann 1993).

On the other hand, phorbol esters (PMA) may pra These reagents were dissolved in DMSO (Sigma),
mote endocytosis by activating a factor involved irthe concentration of which in the reaction mixture
endosome fusion acting via PKC or yet not identi was not higher than 0.9 % (to exclutieefect on
fied protein factor(s) (Aballagt al. 1999). cell metabolism). Control samples contained iden
Parameciumhas the components required fortical amounts of DMSO without the reagents.
the classical “receptor — mediated” endocytic To establish theptimal concentration of these
pathway (Allen, 2000). Coated pits take up HRFreagents, preliminary experiments were -per
(Allen et al. 1980) and ferritin (Wroba, 1988). formed to control the cell viabilityAdditional
We have also shown th&arameciuminternat  control of PMA effectiveness was performed by
ized LDL (Wyrobaet al. 1988) when itwas used testing the phagocytosis of latex beads.
as a model cell to follow the uptake and retentiol
of the sensitibilizers used in the photodynamicFluorimetric assay
therapy of tumors (Crocet al. 1990, 1992). Our  Lucifer Yellow CH (Sigma) accumulation was
recent finding thaParameciunposseses a homo quantified at 20+ 2° C. Cells were treated with
logue of mammalian dynamin 2 (Surmaeizal.  wortmannin (50 nM), PMA0.8uM), GF 109203
2001) - involved in coated vesicles scission -X (0.8 ug/ml) or transferrin-biotin labeled (100
brought new evidence for the existence of ug/ml, Sigma) in the presence of I(25 ug/ml).
receptormediated pathway in this ceWe there  After various times of incubation, aliquots of the
fore attempted to quantify the fluid phase uptaktcells were withdrawn from the medium and imme
in the absence and presence of transferrin - diately placed in a 150 times excess of coRC{4
receptormediated endocytosis marker efthen phosphate-saline bief (= MSS, Soldoet al
et al. 1998, Wassenbey et al. 1999, de Figueire 1966) followed by centrifugation (600 x dgjhe
do and Soares, 2000). cell pellet was subjected to the next identical
In this paperwe present the results of our studieswashing procedure to remove free laligle last
on fluid-phase intake measured by Accumula  washing supernatant and cell pellet was collected
tion and the décts of wortmannin, an inhibitor of for assay of ¥. Pinocytosed ¥ was assayed by
PI-3K and PMA, as potential modulators of thiscombining 2 ml of the compact pellet with 0.2 ml
pathway in the presence of transferfio. better  of 0.1%Triton X-100 (Sigma), vortexing to obtain
understand the influence of PMA, we also used tha homogenate and reading the fluorescence in a
protein kinase C inhibitorGF 109203 X, in the Perkin-Elmer Luminescence Spectrometer LS-5B
guantifications performed. at excitation 430 nm and emission at 540 fhe
standard curve ofY_fluorescence was estimated
at each series of experimenthe cell fluores

MATERIALS AND METHODS cence (determined by subtraction of fluorescence
of supernatants from that of cell lysates) was
Cells expressed per mg of cell protein and related to cell

Paramecium awlia cells (5-day-old axenic cul density and volume.
tures, strain 299s) were cultivated, collected an
starved aseptically for 18 h as described previousProtein determination
ly (Wyroba, 1987) so as to be devoid of autofluo Protein content was determined by the Lowry
rescence (Wroba and Bottiroli, 1981). method (1951) and assayed spectrophotometrical
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ly at 750 nm using bovine albumin (fractid®  slightly diminished its uptake only after 15 minutes

Calbiochem) as a standard. of incubation.When wortmannin was added with
transferrin, Y accumulation was decreased by 8-
Confocal microscopy 9% at all the studied time points (Fig. 1).

Parameciuntells incubated for 15 min either with  The localization of ¥, a fluid-phase traceand
LY (25ug/ml) or biotinylated transferrin (10@/ml)  transferrin, a receptanediated endocytosis mark
were analyzedlhe latter samples were next treatecer, was studied iParameciuncells using confocal
with FITC-streptavidin (172g/ml, Sigma) for 10 microscopy We have observed thallshowed a
min. After the treatment, all the samples were immescattered, difise fluorescence in the cells - typical
diately fixed in freshly prepared 4% paraformalde for fluid phase uptake (Fig. 3A), whereas transfer
hyde (Sigma) for 15 min, washed three times in 0.0rin was accumulated in the membrane-surrounded
M PBS, mounted in 2.5% DABCO (Sigma) and-anaendosomes (Fig. 3B), which was also evidenced by
lyzed in a CLSM Phoibos 1000 confocal microscopta three-dimensional reconstruction obtained from
(Molecular Dynamics, USAJThe images and the 3- the series of 14 optical sections (Fig. 3C, D).
D reconstructions were performed as described pr Phorbol esteran activator of protein kinase C,
viously (Wyrobaet al. 1996). reduced the fluid phase uptake by 22% and this
effect persisted for up to 25 min, whereas the PKC
inhibitor (GF 109203 X) did not #d#ct LY accu
RESULTS mulation (Fig. 4A). In the presence of transferrin,
PMA effect was similarbut slightly lower (Fig. 4
Cells internalized Y in a time-dependent manner B) — consistently with the influence of transferrin
and the rate of accumulation was not linéa&: it  on LY uptake shown in Fig. 1. On the other hand,
decreased with increasing time of incubation (FigPKC inhibitor added simultaneously with transfer
1). The kinetics of I¥ uptake was characterized by rin increased the fluid phase uptake within the first
a high initial uptake rate of 575 ng/mg protein/hr15 minutes of incubation followed by a rapid 20%
followed by slowing to 126 ng/mg protein/hr with decrease in comparison to the control (Fig. 4B).
in 15 min at 2fug/ml of LY in the incubation medi  We estimated that the total volume of hccu
um (Fig. 1).Accumulation of IY in the cells was mulated within 5 min was 0.039-0.04 pl /cell in
linear up to 5Qug/ml of LY in the mediun(Fig. 2).  the control samples.
Transferrin induced a 7.5% increase W Wptake
rate (after 5 min) followed by a similar decrease ap|SCUSSION
measured byY accumulation (Fig. 1)Mortmannin
itself had no initial éect on LY accumulation butit  There are many properties making Lucifé}-

low, a fluorescent disulfonic acid anionic dye, a
useful fluid phase marker such as resistance to
bleaching, lack of toxicity at the concentrations
required for quantification of fluid phase endecy
tosis, absence of cellular metabolism and interac
tion with the cell membrane (McKinnley and
Wiley, 1988).

We quantified spectrophotometrically the accu
mulation of LY in Parameciumand studied the
effects of the modulators of two kinases: PKC
(phorbol ester GF 109203 X) and PI-Bnase
(wortmannin) in the presence and absence of-trans

[£4]
[34]
1}

ng LY internalized/mg protein

0 . . . r - ferrin - a marker of the receptorediated pathway
0 5 10 15 20 25 (Schmidet al. 1988, Woodset al. 1989, Sandvig
Time of incubation (min) and van Deurs 1990).

Fig. 1 - Accumulation of LuciferYellow by Parameciunrcells The Ly accumulation irParameciunwas in the
in the presence of transferrid), wortmannin (\) or transfer range of 50-60 ng/mg protein, i.e. 4-6 times lower

fin and wortmannind) in comparison to the contrdllj. Mean than that observed in microvessel endothelial cells
value of n = 4, where the standard deviation wés 9.6. (Guillot et al. 1990) and macrophages (Swanson
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centration in the incubation medium was 20-fold
higher than that applied by us.

PI 3-kinase activity is known to play a role in
intracellular traficking, particularly from endo
somes to lysosomes, and may regulate an early
step in receptemediated endocytosis (Brunskill
et al. 1998, Davolet al. 1999).

Wortmannin, a potent inhibitor of Pl 3-kinase,
inhibits receptor sorting and/or vesicle budding
required for delivery of endocytosed material to
“mixing” endosomes (Spiret al.1996).The pres
ence of wortmannin-sensitive enzymes was

LY (pg/mI) shown at three distinct steps of the endocytic cycle
in Chinese hamster ovary cells when transferrin
Fig. 2 - Concentration dependance of laccumulation in uptake was monitored (Martygs al. 1996).
Parameciuncells after incubation for 15 min. Mean values Wortmannin did not d@éct LY accumulation in
+ SD (n = 3) are shown. . . .
Paramecium,but decreased it when transferrin

1989). Howeverthe rate of influx (0.44 pl/cell/lhr) was present in the incubation mediuhiis may
was comparable to other cell types as that observindicate an déct on a receptermediated path

by Swanson (1989) on macrophages (0.38 pl / cellway, presumably on thstage of the uptake in
hr) and similar to sucrose uptake in 3T3-L1‘mixing” endosomes to which transferrin and L
adipocytes (Frostt al. 1989) and¥H]-Gal intake in ~ are tageted. In fact, we have observed a co-local
Dictiostelium discoideungThilo and Vogel 1980), ization of Texas Red-conjugated transferrin with
which are in the range of 0.12 — 0.84 plicelifice  Lucifer Yellow in the endosomes of similar shape
high initial rate of IY uptake of 575 ng/ mg protein/ and dimension (Surmaca\iejak and Wyroba,

hr decreased to 22% within the next 20 minutes cunpublished) as those shown in Fig. 2 where
incubation. Interestinglysuch an dééct was also transferrin was visualized by streptawd_ln-_FITC.
observed by Swanson (1989) on macrophages. It seems that the uptake of transferrin is under
immortalized cerebral endothelial celly, accumy  negative control of PKC: PKC inhibitor (GF
lation was also curvilinear with an initial rate of 807 109203 X) increasedLaccumulation in the pres
ng/ mg protein/ hr (Dekt al.2000), i.e. higher than ence of transferrin and after 25 min incubation -

determined inParamecium However the LY con  i.e. coinciding with the time course of endosome
cycling in Paramecium(Fok et al. 1982) —

induced rapid decrease of luptake (to 70% of
the initial value) This is in agreement with the
results of Ellingeret al. (1998), that fluid-phase
marker containing endosomes co-localized with
transferrin-labeled endosomes in hepatocytes.
Phorbol esters can alter several steps of intracel
lular trafficking (Aballay et al. 1999) and have
multiple efects on normal endocytosis (Pelchen-
Matthewset al. 1993). PMApromotes endocyto
sis by activating a factor involved in endosome
fusion actingvia PKC or not yet identified protein
factor(s) (Aballayet al. 1999).
We have observed that PMiecreased Y. accu
Fig. 3 - Confocal localization of ¥ (A) and transferrin (B) in  mulation and PKC inhibitor did not fatt this
ParameciumTransferrin was localized with FITC—streptavidin processThis suggests that the PMAfluence on
as described in Materials and Method$iree-dimensional  fjy,ig phase endocytosis is probably not mediated
reconstructions of distribution off(C) and transferrin (D) he y PKC signalling but may be resulting from its

images were obtained from the series of 14 optical sections & h her f di d ab
90° projection) of the maximum intensity look-through- re ect on the other factors — discussed above —

construction. Bar20 um. reported byAballay et al.(1999).
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