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Summary. Lucifer Yellow (LY), a membrane-impermeant anion, 
was able to enter Arabidopsis thaliana cells. LY was taken up by 
fluid-phase endocytosis and a plasmalemmal anionic carrier mecha- 
nism. Both mechanisms were shown to be concentration-dependent. 
At 0.1 mg/ml, LY was mainly taken up via fluid-phase endocytosis 
and concentrated in vesicular-like structures. At a ten-fold higher 
concentration (1 mg/ml), a plasmalemmal anionic carrier system 
allowed LY uptake and its accumulation in the central vacuole by a 
vacuolar anionic transporter. Chloroquine, cytochalasin B, mon- 
ensin, and phorbol-12-myristate-13-acetate (PMA) hindered LY 
endocytosis. Brefeldin A did not modify LY uptake. The probenecid- 
sensitive carrier uptake machinery showed sensitivity to chloroquine 
and PMA. Therefore the probenecid-sensitive transport mechanism 
seems to be complex and involve both acidification of a compart- 
ment and protein kinase C activity. 

Keywords: Arabidopsis thaliana; Endocytosis; Endocytotic 
inhibitors; Lucifer Yellow carbohydrazide; Probenecid-inhibitable 
carrier. 

Abbreviations: CH carbohydrazide; DMSO dimethylsulfoxide; LY 
Lucifer Yellow; MES 2-[N-morpholino]-ethanesulfonic acid; MS 
Murashige and Skoog's medium; PMA phorbol-12-myristate-13- 
acetate; NAA naphthalene acetic acid. 

Introduction 

Endocytosis is a process which permits the uptake of 
exogenous material by a cell. In animal cells, it drives 
the entry of macromolecules which cannot diffuse 
across the plasma membrane. Thus, hormones, neu- 
rotransmitters, vitamins, viruses, toxins, or bacteria 
can enter the animal cell this way. Endocytosis can be 
achieved by two different pathways. The first 
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Gdn6tique Moldculaire V6g6tales, B~t. SN2 USTL, Universit6 de 
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involves clathrin-caged vesicles with integral proteic 
receptors which bind extracellular ligands. The for- 
mation of clathrin-caged vesicles allows the entry of 
the ligand into the cell. Once clathrin is released, the 
vesicles fuse with a lysosomal compartment where 
the ligand is released from its receptor. The unbound 
ligand can then be delivered to the cytoplasm via a 
mechanism which is still poorly understood (Brown 
et al. 1991). The second endocytotic pathway, named 
potocytosis, involves the presence of proteins called 
caveolins which are localized over regions of the 
plasma membrane called caveolae. These regions 
contain numerous phosphatidyl-inositol-anchored 
receptors which can bind small ligands. Formation of 
closed caveolae allows acidification of the compart- 
ment without fusion to lysosome. Acidification per- 
mits dissociation of the receptor-ligand complex, the 
latter being subsequently exported to the cytoplasm 
by a transporter (Rothberg et al. 1990). 
Because of the occurrence of very high turgor pres- 
sures in plant cells, endocytosis was long considered 
impossible on thermodynamic grounds (Cram 1980). 
Although molecular approaches to endocytosis 
remained poor, ultramicroscopical studies showed 
that endocytosis exists in plant as well as in animal 
cells (Htibner etal. 1985, Galway etal. 1993). 
Clathrin-coated vesicles were shown to occur in 
plants and the biochemical characterization of plant 
clathrins has been reviewed (Coleman et al. 1987). 
On the other hand, caveolae have not yet been discov- 
ered in plants. Nevertheless, noncoated pits have been 
observed in plants, suggesting that caveolae vesicles 
might exist in plants too. 
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Several markers were used to elucidate endocytotic 
mechanisms in plant cells. As the mesh size of the 
wall permits diffusion of macromolecules less than 
60,000 Da (Carpita et al, 1979), only small molecules 
can enter the cell wall to subsequently be taken up by 
any endocytosis process. Endocytosis has been char- 
acterized by the use of fluorescent membrane-imper- 
meant anions such as Lucifer Yellow (LY) (Hillmer et 
al. 1989), heavy metals such as lead (Hiibner et al. 
1985), fluorescent dextrans (FITC-dextrans; Cole 
et al. 1990), nutrients (biotin; Horn et al. 1990), or 
elicitors (Horn et al. 1989). 
As there is no suitable marker with which to follow or 
quantify endocytosis in plants (Galway et al. 1993), 
we tried to determine whether the impermeant fluo- 
rescent dye LY could be transported into plant cells 
by any endocytotic process. In many species LY was 
shown to enter plant cells via a probenecid- 
inhibitable anionic carrier which may be located at 
the cytoplasm-tonoplast interface and in the cytoplas- 
mic membrane (Cole et al. 1991, Oparka et al. 1991). 
According to these authors, endocytosis was not the 
only way for the absorption of LY. 
In order to investigate whether endocytosis was 
implied in LY uptake, several drugs, which have been 
shown to inhibit endocytosis in animal cells, were 
used (Dash and Moore 1993). Some of them, such as 
brefeldin A (Misumi et al. 1986), phorbol-12-myris- 
tate-13-acetate (PMA) (Smart et al. 1994), or cyto- 
chalasin B (Dash and Moore 1993), interact with the 
formation of endocytotic vesicles whereas others, 
such as chloroquine or monensin (Maxfield 1982), 
prompt acidification of the lysosomal compartment. 
In Arabidopsis cells, we show that endocytosis is the 
main mechanism for the uptake of a low concentra- 
tion of LY, while its absorption is hindered by 
endocytotic inhibitors. We propose that uptake of LY 
is carried out at the plasma membrane interface via at 
least two mechanisms, according to LY concentra- 
tion. The first is probenecid-independent and is a 
classical endocytosis mechanism, whereas the second 
is probenecid-inhibitable but must also involve pro- 
tein kinase C activity and a pH-dependent mecha- 
nism. On the other hand, uptake at the vacuolar level 
was driven by a probenecid-inhibitable transporter. 

Material and methods 
Plant material and uptake assays 

Arabidopsis thaliana C24 seeds were sterilised with 20 french 
chlorometric degrees sodium hypochloride : ethanol (1 : 9) solution. 

Seedlings were grown for three weeks on 2.5 mM MES (2-[N-mor- 
pholino]ethanesulfonic acid; Sigma Chemical Co., St, Louis, MO, 

U.S.A.) pH 5.8-buffered Murashige and Skoog's medium (MS; 
Murashige and Skoog 1962). Leaves were harvested and incubated 

for 24 h in MS liquid medium containing either 100 gg or 1 mg of 
LY (Sigma) per ml. Inhibitors were added aseptically to the auto- 
claved media. In order to disrupt the cells, leaves were washed three 
times with distilled water, dried, weighed and gently ground with a 
pestle and quartz in microfuges tubes. Insoluble material was 
removed by centrifugation at 15,000 g for 30 rain (Sigma 2K15 cen- 
trifuge with nr. 12145 rotor) and filtration through Miracloth (Cal- 
biochem-Novabiochem Co., La Jolla, CA, U.S.A.). 
Fluorescence was measured with a fluorescence spectrophotometer 
Hitachi (excitation wavelength of LY 280 nm; emission wavelength 
of LY 540 nm). 

Arabidopsis thaliana C24 suspension cells were sub-cultured every 
week in 2.5 mM MES, pH 5.8-buffered BS-Gamborg's medium 
(Gamborg et al. 1968) in the presence of 1 gM naphthalene acetic 
acid (NAA). Incubation of the cells was carried out by sub-culturing 

a 3-day-old culture in new medium containing LY. Endocytotic 
inhibitors were added aseptically in sterile media. After 48 h, cells 
were counted on a Nageotte cell, centrifuged (200 g; 10 rain, 4 ~ 
Sigma 4K 10 centrifuge with nr. 11140 swinging rotor) and the super- 

natant was removed. Cells were resuspended in cold water and three 
others centrifugation/resuspension steps were carried out. In order to 
remove the cell walls, cells were treated as described above. 

Endocytotic markers and inhibitors 

LY CH dipotassium salt (M.W. 521.6; Sigma) was dissolved in MS 
medium (2.5 mg/ml), filter sterilised, aliquoted and stored at -20 ~ 
For experiments using suspension cell cultures, stock solutions were 
in Gamborg's medium. 

The endocytotic inhibitors used were brefeldin A, chloroquine, cyto- 
chalasin B, monensin, and phorbol-12-myristate-13-acetate (PMA; 
Sigma). 

Brefeldin A was dissolved in methanol to a 1.25 mM stock solution 
and kept a~ 4 ~ Chloroquine was dissolved in MS medium to a 
50 mM stock solution and filter sterilised. Cytochalasin B was dis- 
solved in ethanol to a 20 mM stock solution. Monensin was dis- 
solved in methanol to a 5 mM stock solution. PMA was dissolved in 
DMSO (Merck, Darmstadt, Federal Republic of Germany) to a 
l mM stock solution. Probenecid was dissolved in 0.1 N NaOH and 
then buffered to pH 5.8 with 0.1 M sodium phosphate buffer. The 
stock concentration was 100 raM. Dilutions of all of these inhibitors 
were performed in sterile MS medium. 

Histological analysis 

Leaves from 3-week-old plants were harvested and incubated with 
LY as previously described. Suspension cells were incubated in LY 

as well and embedded in low melting point agarose. A 3.7% para- 
formaldehyde fixation was preferred to a glutaraldehyde one to avoid 
fixative fluorescence. After dehydration, leaves were infiltrated with 
LR-White resin and polymerised overnight at 60 ~ Semi-thin sec- 
tions (250 nm) were made using a Sorval MT-1 PorterBlum ultra- 
microtome and contrasted with low concentration of azure blue II. 

Protoplast extraction 

Leaves from 3-week-old plants were harvested and infiltrated with a 
solution containing 1% Onozuka R-10 Macerozyme (Kinki Yakult, 
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Ltd., Nishinomiya, Japan), 1% Onozuka R-10 cellulase (Kinki 
Yakult), 0.5 M mannitol, and MS. After a 12-h incubation time, 
leaves were shaked at 80 rpm during 30 min. The released proto- 
plasts were filtered through a 50 gm mesh, concentrated by centrifu- 
gation (100 g, 10 rain, 18 ~ Sigma 4K10 centrifuge with nr. 11140 
swinging rotor) and incubated for 6 h with LY. Visualisation was 
performed on an BH-5 Olympus microscope (filter excitation wave- 
lengths: 435 and 490 nm) after three washes with a pH 5.8 buffered 
0.5 M mannitol MS solution. 
Some leaves were harvested, assayed for LY uptake for 2 days, incu- 
bated in a solution of 1% Onozuka R-10 Macerozyme made up in 
MS medium. This treatment released isolated cells which could be 
readily observed in the microscope. 

R e s u l t s  

Uptake of Lucifer Yellow 

After a 24-h incubation in the presence of 1 nag LY 
per ml, the concentration generally used, both cells 
isolated from leaves and suspension culture cells, 
contained LY which accumulated in the central 
vacuole (Fig. 1 A, B). In the presence of 1 mM 
probenecid vacuolar accumulation was inhibited 
whilst fluorescence was detectable in the cytoplasm 
(Fig. 1 C, D). Thus, as in other plants, accumulation 
of LY in the vacuole was probably achieved by a 
tonoplastic probenecid-inhibitable anion transporter. 
Conversely, accumulation of LY in the cytoplasm 
seemed to be probenecid-insensitive. 
In order to ascertain whether cytoplasmic LY uptake 
in Arabidopsis cells was probenecid-insensitive, 
attempts were made to disconnect the cytoplasmic LY 
uptake mechanism from the LY vacuolar uptake 
system which is probenecid-sensitive. Suspension 
ceils of Arabidopsis were incubated in the presence of 
0.1, 0.25, 0.5, 1 and 2 mg of LY per ml, with or with- 
out probenecid. Up to 0.25 mg/ml, uptake of LY was 
only slightly probenecid-sensitive (Fig. 2). At these 
concentrations, LY was localised in the cytoplasm but 
was not detectable in the vacuole (Fig. 1 E, F). Semi- 
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Fig. 2. Dose-dependent uptake of LY in the presence or absence of 
1 mM probenecid. LY was provided at concentrations ranging from 
0.1-2 mg/ml in the presence ( l )  or absence (C3) of 1 mM pro- 
benecid. Values are means with SD of 3 independent assays 

thin sections of cells incubated with 0.1 mg of LY per 
ml confirmed this (Fig. 1 G, H). Furthermore LY was 
concentrated in small vesicular-like structures which 
showed no detectable communications with the cen- 
tral vacuole (Fig. 1 I, J). Because a concentration of 
0.1 mg of LY per ml permitted discrimination 
between the cytoplasmic and probenecid-inhibited 
uptake mechanisms, it was retained in further experi- 
ments. 
LY was shown to accumulate in vesicular and tubular- 
like structures in protoplasts but not in cells of Dau- 
cus carota (Hilmer et al. 1989). Similarly LY was 
concentrated in vesicles in Arabidopsis thaliana pro- 
toplasts as well as in suspension cells. The presence 
of an extracellular proteinic component was required 
for uptake of LY at 0.1 mg/ml. In the presence of 
100 ng of proteinase K per ml in the incubation medi- 
um, uptake of LY by the protoplasts was prevented 
(Fig. 1 M, N). 

Fig. 1. A-N. Uptake of LY by Arabidopsis thaliana cells. Uptake experiments were can'ied out as described in Material and methods. A, C, E, 
K, and M are light micrographs of live cells observed with Nomarski interference contrast. G and I are Light micrographs of 250 nm sections of 
fixed suspension-cells (G) or actively growing calluses contrasted with Azure blue II (I). B, D, F, H, J, L, and N are fluorescence light micro- 
graphs corresponding to A, C, E, G, I, K, and M respectively. A and B Uptake of LY at 1 mg/ml by suspension cells. The dye is concentrated 
in the central vacuole (x  640). C and D Uptake of LY at 1 mg/ml by actively growing suspension cells in the presence of 1 mM probenecid. 
Lucifer Yellow accumulation occurs only in the cytoplasm (• 640). E and F Uptake of LY at 0.1 mg/ml by actively growing suspension cells. 
The dye accumulates in the cytoplasm and is not detectable in the central vacuole (•  128). G and H Semi-thin section suspension cells incu- 
bated with 0.1 mg of LY per ml showing cytoplasmic dye accumulation (• 640). I and J Semi-thin section of actively growing calluses incu- 
bated with 0.1 mg of LY per ml. Dye accumulates in some vesicular structures other than the central one ( • 1250). K and L Uptake of LY by 
Arabidopsis protoplasts. LY was not detectable in the central vacuole (X 1250). M and N Uptake of LY by Arabidopsis protoplasts in the pre- 
sence of 100 ng proteinase K per ml (•  640) 
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Fig. 3 a-e. Uptake of LY in the presence of endocytotic inhibitors. 
Suspension cells were incubated in the presence of 0.1 mg of LY per 
ml (1.9 raM) and the required inhibitor. In controls, LY uptake was 
0.017 _+ 0.002 gM/mg F.W. after 48 h. a Brefeldin A had no 
inhibitory effect on LY uptake, b 0.1 mM cytochalasin B, e 0.1 mM 
chloroquine, d 1 nM monensin, e 10 ~tM PMA hindered LY uptake. 
At a concentration of 0.1 mM in the presence of 0.1 mM brefeldin A, 
LY was adsorbed onto dead cells (see Fig. 4). PMA ((3.1 nM) 
increased LY uptake independent of any deleterious effect, Values 
are means with SD of 5 independent measures 

Effect of endocytotic inhibitor concentration on LY 
uptake 

In order to evaluate  to what extent endocytos i s  and an 

anion carrier were i n v o l v e d  in the uptake o f  LY, 

endocytot ic  inhibitors were assayed in experiments  

us ing  0.1 m g  o f  LY per ml  (Fig. 3). As  ment ioned  

above,  this concentration was chosen  to focus  on the 

uptake m e c h a n i s m  at the p l a s m a l e m m a  level .  

A l l  the inhibitors were assayed over a large concen-  

tration range with either foliar t issues (data not 

shown)  or suspens ion  cel l  cultures. Because  these 

compounds  might  exert deleterious effects on cel l  

viabil i ty,  cel lular growth rates were measured in their 

presence before LY uptake experiments  were per- 

formed (Fig. 4). After an incubation t ime o f  48 h, 

uptake o f  LY was measured according to Material and 

methods  (Fig. 3). 
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Fig. 4 a-e .  Cellular growth rate in the presence of endocytotic 
inhibitors. Growth rates are expressed as (n2-nl)/(nj(t2-q)) 
where nl ks the cell number at the start and n2 at the end of the exper- 

iment; t2 - t l :  duration of the experiment. Negative growth rates 

represent dying cells. Zero growth rates represent resting cells. 

Values are means with SD of 3 independent experiments (200,000 
cells per measure), a Brefeldin A, b cytochalasin B, e chloroquine, d 
monensin, e PMA 

Up to 10 g M  brefeldin A, which  induces clathrin dis- 
sociation, did not have  any signif icant  effect  on the 
uptake of  LY, a l though LY was slightly increased at 
concentra t ions  above  100 gM. H o w e v e r  at such con- 
centrat ions cell g rowth  was also inhibited and cells 
rapidly died (Fig. 4 a). Enhanced  f ixat ion of  LY prob-  
ably resul ted f rom adsorpt ion of  the dye on dead cells. 

Monens in  is a cationic monova len t  ionophore  which 

p rompts  dissipat ion of  p H  gradients  and neutral iza-  
t ion of  m e m b r a n e  compar tmen t s ,  prevent ing  lyso-  
some acidif icat ion or Golgi  t raff icking.  At concentra-  
tions as low as 1 nM to 1 0 0 n M ,  it inhibited LY 
uptake in Arabidopsis cells by about  30% (Fig. 3 d). 

Thus a monova l en t  an ion-dependent  m e c h a n i s m  
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could be implicated in LY uptake. When concentra- 
tions up to 1 mM were used, the uptake of LY was 
enhanced 60 times because of a loss in cellular viabil- 
ity resulting in breaks in the plasma membrane and 
adsorption of LY onto several cellular structures (Fig. 
4 d). In order to assess more accurately whether a pH- 
dependent mechanism was involved in the uptake of 
LY, chloroquine which modifies endosomic pH, was 
assayed. 
Chloroquine is a weak base which prevents ATPase- 
directed acidification of the endocytotic compart- 
ments. Acidification is required to transfer materials 
from endocytotic vesicles to the cytoplasm. Inhibiting 
acidification would result in the inhibition of endo- 
cytosis. In Arabidopsis, 1 mM chloroquine reduced 
the uptake of LY (Fig. 3 c). No deleterious effects 
on cellular viability were noticed at concentrations 
below 10 mM. 
Uptake of LY was also inhibited by cytochalasin B, 
which inhibits the polymerisation of actin monomers. 
Such inhibition occurred at concentrations above 
10 ~tM. Therefore an actin-dependent mechanism was 
probably involved in LY uptake, 10 ~tM cytochalasin 
B reduced the growth rate of the cells to zero, but, 
although they were unable to divide, their viability 
was retained and adsorption of LY on cellular compo- 
nents of such resting cells was not detectable (Fig. 
4 b). As actin is necessary to form vesicles, we pro- 
pose that vesicles are also implied in the uptake of LY. 
All the endocytotic inhibitors were also assayed 
against the transport of LY at a concentration of 
1 mg/ml. Only chloroquine exerted an effect on the 
uptake of LY, the other inhibitors exerted no signifi- 
cant effect (Fig. 5 a). 
PMA is a phorbol ester activating protein kinase C, 
which activates phosphorylation of numerous pro- 
teins (e.g., kinases, phosphatases) which are either 
activated or inhibited. In plants, no effect of PMA on 
endocytosis has yet been described. In Arabidopsis 
cells, supplying PMA did not modify the transport of 
LY at a concentration of 1 mg/ml (Fig. 5 a). Con- 
versely when the LY concentration was 0.1 mg/ml its 
uptake was double that in controls in the presence of 
PMA concentrations as low as 0.1 nM (Figs. 3 and 
5 b), whereas it was reduced by about 40% by 1 ~tM 
PMA (Fig. 3 e). Enhanced uptake could not be 
ascribed to possible toxic effects of the drug, since 
PMA-treated cells divided and grew at least as rapid- 
ly as control cells (Fig. 4 e). Moreover, although its 
uptake was enhanced by 0.1 nM PMA, LY remained 
within the cytoplasm (data not shown). 

m o 
c 
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Control Chloroquine PMA PMA/ probenecid PMA/ 
a 10 -3 M 10- I0 M chloroquine 10 -3 M probenecid 
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0 

U~O 100 
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5O 

0 
Control Control Chloroquine PMA PMA/ probenecid probenecid/ 

b Img/ml 0.1mg/ml 10-3M Io-IOM chloroquine 10-3M PMA 

Fig. 5 a, b. Effect of inhibitor combinations upon Lucifer Yellow 
uptake by suspension cells. LY uptake in the presence of inhibitors 
was expressed as a percentage of the control. Values are means with 
SD of 3 independent assays, a Uptake assays were performed using 
1 mg of LY per ml. Chloroquine, probenecid, and PMA probenecid 
1 mM hindered LY uptake. Conversely, PMA and PMA chloroquine 
did not significantly modify LY uptake, b Uptake experiments were 
performed using 0.1 mg of LY per ml. Chloroquine and probenecid 
reduced LY uptake slightly. Conversely, compared to controls at an 
LY concentration of 0.1 mg/ml PMA doubled its uptake, reaching 
approximately 80% of the level of controls at an LY concentration of 
1 mg/ml. This PMA-dependent activation was hindered by both 
chloroquine and probenecid 

On the other hand, l mM probenecid, which is known 
to inhibit anion carriers (Oparka et al. 1991), de- 

creased LY transport by about 70% when the LY con- 
centration was 1 mg/ml (Fig. 5 a). Therefore under 
these experimental conditions anionic carrier uptake 
should represent about 70% of LY uptake. However, 
when the LY concentration was 0.1 mg/ml, its trans- 
port was only slightly modified (Fig. 5 b). 

Effect of combination of two inhibitors on LY uptake 

In order to elucidate simultaneously the PMA- 
induced uptake mechanism and the probenecid- 
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induced effects, PMA was assayed in association 
either with other endocytotic inhibitors or with 
probenecid. Applying chloroquine with PMA did not 
change the transport of LY at a concentration of 
1 mg/ml (Fig. 5 a), whereas it nullified the PMA 
effect on the LY uptake at a concentration of 
0.1 mg/ml (Fig. 5 b). 
Interestingly, when probenecid was associated with 
PMA, LY was accumulated just as with probenecid 
alone, indicating that both chloroquine and probene- 
cid interacted with the uptake mechanism(s) induced 
by PMA. As they exerted identical inhibition, they 
presumably act on the same LY uptake mechanism(s) 
which should be protein kinase C-sensitive. In addi- 
tion it implies a probenecid-inhibitable carrier and the 
active acidification of an endocytotic compartment. 

Discussion 

LY, an anionic fluorochrome with a pKa lower than 1, 
cannot diffuse freely across membranes (Stewart 
1981). In animal cells, it enters the cell via fluid- 
phase endocytosis (Wilcox and Franceschini 1984, 
Oka and Weigel 1989). It has been shown to enter 
Daucus carota cells and accumulate in the central 
vacuole (Hillmer et al. 1989). According to the latter, 
LY might enter plant cells via pinocytosis, as it does 
in animal cells. A probenecid-sensitive anionic carri- 
er has been shown to be present on the tonoplast, 
allowing vacuolar accumulation of LY (Cole et al. 
1991). These authors also hypothesized the presence 
of an anionic carrier on the plasmalemma permitting 
the uptake of LY into the cytoplasm. In cells of Dau- 
cus carota and Zea mays, LY uptake was performed 
by an anion carrier as well as by pinocytosis (Cole 
et al. 1991). 
In Arabidopsis thaliana C24, LY at a concentration of 
1 mg/ml, the concentration used in most endocytosis 
research, accumulated within the vacuole. This accu- 
mulation was probenecid-sensitive suggesting that an 
anion carrier was at least involved in transport into 
the vacuole. Moreover supplying endocytotic inhib- 
itors other than chloroquine did not decrease the up- 
take of LY, indicating that anionic carrier activity 
probably constituted the main uptake mechanism. 
Conversely, LY at a concentration of 0.1 mg/ml was 
transported and stored in the cytoplasm, but was not 
detectable in the vacuole. These data favour the 
assumption that an anion carrier at the tonoplast was 
inefficient when LY was added at a low concentra- 
tion, indicating that this putative carrier has a low 
affinity for the dye. 

To highlight the mechanisms involved in the uptake 
of low concentrations of LY at the plasma membrane, 
drugs known to inhibit endocytosis in animal cells 
were used. At concentrations which did not affect the 
survival of the cells of A. thaliana, monensin, chloro- 
quine, and cytochalasin B exerted an inhibitory effect 
on LY accumulation in the cytoplasm. Conversely, 
brefeldin A did not inhibit the uptake of the dye, indi- 
cating that coated-pit endocytosis was not involved. 
On the whole, these data support the assumption that 
LY at a concentration of 0.1 mg/ml was mainly trans- 
ported into Arabidopsis cells by endocytosis. Howev- 
er, addition of brefeldin A did not impair the uptake of 
LY indicating that the endocytotic mechanism did not 
involve clathrins unless brefeldin A does not act on 
plant clathrins. Coleman et al. (1987) showed that 
animal and plant clathrins were similar but not totally 
identical. However, Driouich et al. (1993) showed 
that brefeldin A hindered Acer pseudoplatanus Golgi 
trafficking, suggesting that this action was clathrin- 
dependent. 
PMA exerted opposite effects on the transport of LY 
at a concentration of 0.1 mg/ml to Arabidopsis cells. 
Uptake was enhanced by nanomolar concentrations 
and inhibited by micromolar concentrations of PMA, 
a dual effect previously reported in mammals. At 
micromolar concentrations caveolae-mediated endo- 
cytosis was decreased as a consequence of protein 
kinase C phosphorylation of coat proteins which were 
subsequently removed from the plasma membrane 
preventing caveolae-mediated endocytosis (Smart 
et al. 1994, Parton et al. 1994). However, at nanomo- 
lar concentrations PMA induced increased fluid- 
phase endocytosis. The mechanism of this increase 
remains unknown, the only available data showing 
that this increase was not linked to coated pits (Sato et 
al. 1996). 
Thus the PMA effect in plants resembles that in mam- 
mal cells. However, data obtained from PMA associ- 
ated with probenecid are intriguing because the PMA- 
induced uptake of LY was counteracted by proben- 
ecid which inhibits anion carrier activities. Slow 
anion channels were shown to be strongly activated 
by phosphorylation events in broad bean guard 
cells (Schmidt et al. 1995). Thus it can be postu- 
lated that PMA activated the LY uptake by signal- 
ling pathway(s) involving phosphorylation-dephos- 
phorylation reactions. Thus, on the basis of the 
data obtained with probenecid and probenecid plus 
PMA, anion carrier activities probably operate at the 
plasmalemma as well. Such activities might be low 
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when  LY concen t ra t ion  was 0.1 mg/ml ,  but  inc reased  

when  LY concen t ra t ion  was  1 mg/ml .  It is not  k n o w n  

whe the r  the p l a s m a  m e m b r a n e  and the tonop las t  

sys tems  are c o m p o s e d  o f  d i f ferent  or the s ame  un ique  

carr ier ,  or  whe the r  one t ranspor te r  changes  its p rope r -  

t ies (its aff in i ty)  depend ing  on env i ronmen ta l  cond i -  

t ions.  However ,  the P M A - i n d u c e d  effect  is a lso  inhib-  

i ted by  ch loroquine ,  a w e a k  base  impa i r ing  p H  

dec rease  in endocy to t i c  ves ic les .  Ac id i f i c a t i on  usua l -  

ly occurs  in endocy to t i c  ves ic les  o r ig ina t ing  f rom 

coa ted  pi ts  after  fus ion  with  the l y sosome ,  whereas  

ves ic les  o r ig ina t ing  f rom caveo lae  do not  fuse wi th  

any l y s o s o m a l  c o m p a r t m e n t  but  are ac id i f ied .  This  

ac id i f i ca t ion  is m e d i a t e d  by  ATPases .  Inh ib i t ion  o f  

ves ic le  ac id i f i ca t ion  by  ch lo roqu ine  impa i r s  the sub-  

sequent  endocy to t i c  s teps (Rothberg  et al, 1990). 

Consequen t l y  the inh ib i to ry  effects  of  both  ch toro-  

quine and p robenec id  on P M A - e n h a n c e d  uptake  o f  LY 

seem mutua l ly  exc lus ive ,  unless  endocy to t i c  ves ic les  

o r ig ina t ing  f rom the p l a s m a  m e m b r a n e  c o m p r i s e d  

reg ions  wi th  anionic  carr iers ,  r egu la ted  by  phosphor -  

y l a t i on  events .  In the  absence  o f  P M A ,  p l a s m a l e m m a -  

de r ived  an ionic  car r ie r  ac t iv i t ies  migh t  funct ion  at the 

ves i cu la r - l ike  s tructures.  This  w o u l d  i m p l y  that  the 

p r o b e n e c i d - i n h i b i t a b l e  an ion  car r ie r  ac t iv i t ies  ac ted  

wi th  the ac id i f i ca t ion  m a c h i n e r y  of  the endocy to t i c  

ves ic les .  
In conc lus ion ,  accord ing  to the expe r imen ta l  m e t h o d -  

o l o g y  we  used,  we p r o p o u n d  that  the up take  o f  LY in 

Arabidopsis thatiana was ach i eved  v ia  two m e c h a -  

n isms.  As  in o ther  plants ,  both  endocy tos i s  and anion-  

ic carr ier (s)  s eeming ly  p r o m p t e d  LY uptake  accord-  

ing to its concent ra t ion .  At  1 mg/ml ,  70% of  LY was 

taken  up by  the w a y  of  an ion ic  t ranspor ter (s ) .  A t  

0.1 mg /ml ,  LY was m a i n l y  taken  up by  an endocy to t i c  

m e c h a n i s m  which  was  not  r e l ayed  to coa ted-p i t s ,  

an ion  car r ie r  ac t iv i t ies ,  i f  opera t ing ,  w o u l d  be low. 

W o r k  is p re sen t ly  under  way  to de t e rmine  whe ther  (i) 

channe l  currents  are m o d i f i e d  at the p l a s m a  m e m -  

brane  and/or  the tonop las t  b y  e i ther  p r o b e n e c i d  or  

P M A ;  (ii) p h o s p h o r y l a t i o n - d e p h o s p h o r y l a t i o n  reac-  

t ions m o d i f y  the up take  o f  LY. 
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