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ABSTRACT Endocytosis constitutes an essential process in the regulation of the expression of cell

surface molecules and receptors and, therefore, could participate in the neural-glial interactions

occurring during brain development. However, the relationship between endocytic pathways in

astroglial cells under physiological and pathological conditions remains poorly understood. We

analyzed the endocytosis and transcytosis processes in growing astrocytes and the possible effect of

ethanol on these processes. Evidence demonstrates that ethanol affects endocytosis in the liver and

we showed that ethanol exposure during brain development alters astroglial development changing

plasma membrane receptors and surface glycoprotein composition. To study these processes we use

several markers for receptor-mediated endocytosis, fluid phase endocytosis and non-specific endocy-

tosis. These markers were labeled for fluorescence microscopy and electron microscopy. 125I-BSA

was used to study the effect of ethanol on the internalization and recycling of this macromolecule. The

distribution of several proteins involved in endocytosis (caveolin, clathrin, rab5 and β-COP) was

analyzed using immunofluorescence, immunoelectron microscopy and immunoblotting. Our results

indicate that growing astrocytes have a developed endocytic system mainly composed of caveolae,

clathrin coated pits and vesicles, tubulo-vesicular and spheric endosomes, multivesicular bodies and

lysosomes. Ethanol exposure induces a fragmentation of tubular endosomes, decreases the internali-

zation of 125I-BSA, alters the processing of internalized BSA, and decreases the levels of caveolin,

clathrin, rab5 and β-COP. These results indicate that ethanol alters the endocytosis and transcytosis

processes and impairs protein trafficking in astrocytes, which could perturb astrocyte surface

expression of molecules involved in neuronal migration and maturation during brain development.
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Introduction

Astroglial cells constitute one of the most abundant cell types in
the brain and play critical roles during development, functional
maintenance and regeneration of the nervous system. It has been
suggested that contacts between neurons and glial cells in the
embryo modulate the number of various kinds of cells and deter-
mine their correct proportion. In addition, these contacts are
essential for radial and tangential neuronal migration and in the
guidance of growth cones (see review by Vernadakis, 1996).
Moreover, recently it has been suggested that subventricular zone
astrocytes are also neural stem cells (Barres, 1999; Doetsch et al.,
1999). These functions appear to be mediated by several glial
factors such as neuronal adhesion molecules (NCAM), neural

growth factors (NGF) and other neurotrophins which are synthe-
sized and secreted into the medium or presented as receptors on
the cell surface, where they exert their effects (e.g. Vallés et al.,
1994; Nouel et al., 1997; Rubio, 1997). Some of these molecules
can be internalized following endocytic pathways similar to those
of other cell types (Auletta et al., 1992 ). The endocytic pathway is
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responsible for the internalization, recycling and degradation of
extracellular material, and the turnover of cell surface components
(Mukherjee et al., 1997; Gu and Gruenberg, 1999). In addition,
astrocytes facilitate the transport of macromolecules in the brain
from one cell to another by a ‘tunnel’ or translocation mechanism
(Juurlink and Devon, 1990). However, despite the wealth of infor-
mation about the membrane receptors involved in signal sorting
and metabolic functions in astrocytes, the relationship between
these processes and endocytic pathways in glial cells under
normal and pathological conditions remains unclear.

Previous results demonstrate that ethanol exposure during
astroglia development alters the integrity of the astrocyte cytosk-

eleton, affects the release of growth factors, and
changes plasma membrane receptors and glyco-
protein composition (Renau-Piqueras et al., 1992;
Vallés et al., 1994; Guerri and Renau-Piqueras,
1997). Alteration in the synthesis, sorting and/or
recycling of growth factors or its receptors as well as
other plasma membrane glycoproteins in astrocytes
is one mechanism that could participate in CNS
abnormalities associated with ethanol-induced ter-
atogenesis in brain such as the production of ectopic
neurons in the brain cortex (Miller, 1992; Guerri and
Renau-Piqueras, 1997). This possibility is supported
by findings demonstrating that prenatal ethanol ex-
posure (Renau-Piqueras et al., 1997) and chronic
ethanol consumption affect the hepatic secretion of
glycoproteins (Tuma and Sorrell, 1981; Guasch et
al., 1992; Larkin et al., 1996), and impair the vesicu-
lar transport of proteins in the hepatocyte (Tuma et
al., 1991a; Casey et al., 1992; Torok et al., 1997).
The mechanism(s) involved in these alterations
remain(s) unclear, although several studies suggest
that hepatocytes exposed to ethanol are able to
synthesize proteins within the endoplasmic reticu-
lum, but are impaired in subsequent steps of pro-
cessing, trafficking and plasma membrane assem-
bly (Tuma et al., 1986; Renau-Piqueras et al., 1989;
Guasch et al., 1992). In addition, endocytosis ap-
pears to be especially susceptible to ethanol (Tuma
et al., 1990). This raises the question of whether
ethanol also affects this process in astrocytes, thus
impairing the intracellular traffic of neurotrophic fac-
tors and other macromolecules during brain devel-
opment.

The objective of this study was to broaden our
knowledge of endocytosis and transcytosis in astro-
cytes and to investigate whether ethanol impairs
these processes in growing astrocytes in primary
culture (7 days of culture). This period was selected
because it has been reported that actively growing
glial cells in the developing brain regulate neuronal
growth through the elaboration of neurotrophic fac-
tors (Lu et al., 1991; Vallés et al., 1994). We have
used several markers to analyze the different types
of endocytosis. In addition, the effect of ethanol on
several proteins associated with the endocytic path-
ways, including caveolin, clathrin, rab5, and β-COP,
was also analyzed. Our results demonstrate that

growing astrocytes have a developed endocytic system and that
exposure to ethanol alters endocytosis and transcytosis in these
cells thereby inducing an accumulation of endocytosed mol-
ecules in these cells.

Results

Ultrastructural analysis of cellular elements involved in the
endocytic pathway

Ultrathin sections showed, as previously reported (Juurlink and
Devon, 1990; Mayordomo et al., 1992), that control and ethanol-
exposed cultures were formed by large flat astrocytes. These

Fig. 1. Electron microscopy micrographs of control growing astrocytes (7 days of

culture) showing different structures related with the endocytosis process. Similar
structures were found in astrocytes exposed to ethanol. (A) Astrocyte “flat” section
showing the abundance of caveolae in astrocytes. The caveolae are evident mainly in the
periphery of the cell. (B) In the cell processes caveolae aligned along the plasma membrane
(arrowheads) are often found. Tubular structures, that lack ribosomes, probably corre-
spond to endosome profiles (En). Note the abundance of intermediate filaments. (C) In this
image, caveolae appear as individual entities (arrowheads). (En) indicates a tubular
endosome. (D) Detail of a tubular endosome (En) surrounded by intermediate filaments.
(E) In addition to caveolae, astrocytes show clathrin coated vesicles (V). (F) In many cells
caveolae appear in both the apical and plasma membranes of astrocyte processes
(arrowheads). Bar in A and B, 1 µm; in C, E and F, 0.2 µm; and in D, 0.1 µm.
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cultures consisted of 1-4 layers of overlapping cytoplasmic sheets.
Both the control and treated cells displayed most of the structures
which have been associated in other cell types with the endocytic
and recycling pathways (Fig. 1). In many cells and mainly in the
processes, flask-shaped invaginations of the plasma membrane
corresponding to caveolae were observed (Fig. 1A,B,C and F). A
large number of vesicles resembling caveolae were also seen in
the cytoplasm (Fig. 1A). Clathrin coated pits and vesicles were also
found in most of the cells examined (Fig. 1E). When the cells were
cut “in face”, a large number of caveolae, tubulo-vesicular forma-
tions lacking ribosomes, lysosomes and multivesicular bodies
(MVBs) were observed. The main ultrastructural difference be-
tween control and ethanol- exposed astrocytes with respect to the
endocytic route was a significant increase in the volume density
(Vvi) of lysosomes and MVBs in ethanol-treated cells (1.09±0.09%
in control cells and 4.20±0.71% in cells exposed to ethanol, p<
0.05). MVBs in treated cells, in addition, contained fewer vesicles
than the controls (see Fig. 4E and F).

125I-BSA internalization
To study the internalization and translocation of BSA in control

and alcohol-treated astrocytes, cells were incubated at 4°C for 60
min with 125I-BSA. Then, cells were washed and reincubated with
warm unlabeled culture medium at 37°C, and the time-courses of
internalized and released 125I-BSA were studied after 1,5,15,30
and 60 min. As shown in Figure 2A, at 1.0 µCi/ml in control
astrocytes, BSA was rapidly internalized, reaching maximal cell
binding (acid resistant) after 5 min and then declining gradually
over the next 60 min. These changes were accompanied by a
progressive increase in the release of BSA in to the medium (Fig.
2B). Two main effects were observed in ethanol-exposed astro-
cytes: first, the initial rate of BSA internalization (5 and 15 min of
chase periods) was slightly affected and, second, the BSA re-
leased was markedly affected in cells exposed to ethanol (Fig. 2B).
These results suggest that ethanol impairs the endocytosis and

recycling processes. Finally, the results obtained using 125I-BSA at
0.05 and 0.1 µCi/ml were similar to those described for 1.0 µCi/ml
(data not shown).

Fluorescence microscopy of endocytosis
We used pulse-chase experiments and fluorescence micros-

copy to analyze, first of all, the capacity of proliferating control and
ethanol-exposed astrocytes to internalize different macromolecules
and, secondly, to assess the cellular structures involved in the
endocytic process. Transferrin (Tf) is a useful marker of early
endosomes, and after internalization it recycles back to the cell
surface and there is no background from the biosynthetic pathway.
Moreover, only a small proportion of internalized Tf is transported
to other endocytic compartment elements such as lysosomes
(Mukherjee et al., 1997). After 60 min of incubation at 4°C, and 10
min of chase, fluorescence corresponding to endocytosed Tf
appeared concentrated in the perinuclear region and in long
tubular structures (Fig. 3A,B) that irradiated from the cellular body
toward the processes, where they often appeared parallel to the
cell surface (Fig. 3B). In contrast, in astrocytes exposed to ethanol,
the fluorescence was found in small tubular structures of more
irregular morphology than in control cells. These structures ap-
peared as small loops, circles and spirals randomly distributed in
the cell body and processes (Fig. 3E). They were not stained with
MitoFluor Green in either the control or treated cells.

When FITC-BSA was assessed using the same approach and
after a chase of 10 min, we observed that endocytosed BSA
appeared as bright fluorescent spots located in the perinuclear
region and as tubules of different length dispersed in the cytoplasm
or aligned near the cell surface of the control astrocytes (Fig. 3C,D).
These tubular structures were smaller than those observed after Tf
incubation. A similar FITC-BSA distribution pattern was observed
in astrocytes exposed to ethanol, although the fluorescence spots
located in the perinuclear region appeared more densely concen-
trated than in the control astrocytes (Fig. 3F). In some cells, an

Fig. 2. Internalization of 125I-BSA by control (▲) and ethanol-exposed (■) growing astrocytes (A) Intracellular levels of BSA during receptor-mediated
endocytosis of 125I-BSA by control and ethanol-exposed growing astrocytes. (B) Graph showing the release into the medium of BSA by control and ethanol-
exposed astrocytes. Results are expressed as means ±  SD for 3-4 plates per experiment in 3-4 experiments. Values significantly different from controls are
indicated by a circle (p< 0.05).
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increase in the number of BSA-containing tubular endosomes was
also observed. Finally, the endocytic compartment in control and
ethanol-exposed astrocytes after incubation with labeled horse-
radish peroxidase (HRP) showed a morphology similar to that
described for BSA (data not shown).

Electron microscopy analysis of the endocytic process

Endocytosis of cationized ferritin (CF)
The uptake of CF was used as a general tracer to mark the

structures involved in the endocytic pathway in astrocytes (Fig. 4).
In control astrocytes, CF particles were evenly distributed after the
cells were incubated at 4oC or after fixation of cells (data not
shown). After 60 min incubation at 4oC and a 1 min chase, CF
particles were found on the membrane surface in uncoated and

coated pits as well as in some tubular and vesicular
endosomes. After a 15 min chase, CF was detected in
the apical plasma membrane, in small sized vesicles
and tubules and in vesicular and tubular endosomes;
some MVBs were also labeled. However, neither lyso-
somes nor elements of the Golgi apparatus contained
the tracer. Endosomes were distinguishable from lyso-
somes because in endosomes the marker adhered to
the membrane and there was no acid phosphatase
activity (Herzog and Farquhar, 1983). In some cells,
CF particles located in the deepest basal plasma
membrane, between the cell and the substratum,
appeared as a continuous layer. After a chase period
of 30 min the distribution of CF was similar to that in
cells chased for 15 min. However, an increase in
labeled MVBs and cells displaying CF over the deep-
est basal membrane was observed (Fig. 4C). In addi-
tion, lysosomes and Golgi apparatus vesicles containing
CF particles were also seen (Fig. 4A). Finally, after 60
min of chase, CF accumulated mainly in MVBs (Fig. 4E),
lysosomes, some vesicles and in the basal-most plasma
membrane, where the thickness of the CF layer de-
creased as compared with 30 min of chase (Fig. 4E).
This labeling over the most basal surface of the cells is
interpreted as the result of a transcytosis process be-
cause monolayers of astrocytes displayed abundant
tight junctions which prevent the traffic of CF from the
apical to the basal-most surface throughout the intercel-
lular space (see Fig. 5H). Astrocytes exposed to ethanol
showed a distribution of CF similar to that of the respec-
tive controls (Fig. 4B). However, an increase in labeled
endosomes (Fig. 4B), MVBs (Fig. 4F) and lysosomes
and a dramatic reduction in CF particles over the basal
plasma membrane (Fig. 4D) were observed in most of
the cells after 30 and 60 min chases. These findings
were confirmed by stereological procedures (Fig. 6). In
addition, the appearance of MVBs from ethanol-ex-
posed astrocytes was clear and showed fewer luminal
vesicles than those of the respective control cells (Fig.
4F). The number of cells with CF over the basal-most
plasma membrane was also reduced after ethanol treat-
ment, which suggests that ethanol exposure affects
transcytosis in astrocytes. In these cells the CF layer
was absent or discontinuous and thinner than in the
controls (Fig. 4D).

Endocytosis of BSA and HRP
Since astrocytes possess receptors for serum albumin (Juurlink

and Devon, 1990), we also assessed the endocytosis and
transcytosis pattern of BSA-gold complexes in control and ethanol-
exposed astrocytes in primary culture (Fig. 5). After 15 min of
chase, gold particles were seen in the different cell layers and the
basal-most membrane (Fig. 5A,B and G). Within the cells, the
particles appeared in vesicular and tubular endosomes and in
lysosomes (Fig. 5A,D,E).When the cells were chased for 30 and 60
min, no labeling over the apical membrane was observed and the
marker was distributed in the same structures as after a 15 min
chase, but the number of gold-particle containing structures was
diminished. However, this decrease was more pronounced in
control that in ethanol-exposed cells, as was demonstrated by

Fig. 3. Fluorescence microscopy of endocytosis of Tf and BSA by control (CT) and

ethanol-exposed (ETOH) growing astrocytes. (A and B) Endocytosis of fluorescent
Tf by control astrocytes. Tf appears concentrated in spots and long tubular structures (A)

that in the processes appear parallel to the cell surface (B). (C and D) Endocytosis of BSA-
FITC by control astrocytes. Endocytosed BSA appears as bright spots in the perinuclear
region and in the processes and as tubules of variable lengths dispersed throughout the
cytoplasm. (E) Fluorescence image showing the effect of ethanol on the endocytosis of
Tf which is concentrated in small tubules that differ morphologically from those seen in
control astrocytes. (F) Ethanol-exposed astrocytes showed an increase in the amount
of BSA internalized as compared with the control cells. Fluorescence corresponding to
BSA is concentrated in the perinuclear region or as tubules near the plasma membrane
and in the processes.
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stereological analysis (Fig. 6). Finally, at no chase
period were gold particles observed between the
basal-most astrocytic process and the substratum
of ethanol-exposed cultures.

Electron microscopy showed that the qualitative
and quantitative endocytosis pattern of HRP was
similar to that described for BSA in control and treated
astrocytes (Figs. 5F and 6). However, in double or
triple uptake experiments there was a dissociation of
the BSA and HRP-gold complexes (Fig. 5C,H).

Subcellular distribution of proteins involved in
the endocytic pathway

To further ascertain whether ethanol affects the
vesicular transport events involved in the sorting
and endocytic pathways, we analyzed the pattern
and distribution of some of the most important
proteins associated with these processes, including
caveolin, clathrin, rab5 and βCOP (Figs. 7-11).

Caveolin
It is the principal structural protein of caveolae and

is involved in the nonclathrin mediated endocytosis
events (Parton, 1996). Immunofluorescence analy-
sis revealed, as previously described (Cameron et
al., 1997), that caveolin is distributed as fluorescent
points scattered throughout the cytoplasm, perinuclear
space and cell surface. In some astrocytes, immu-
noreactivity was also distributed along linear arrays.
Labeling was also accumulated over some areas of
the cell surface (Fig. 7A,B). Analysis of these fluores-
cence patterns (percentage of cells displaying a
particular pattern) indicated significant differences
between the control and ethanol-exposed astrocytes
(data not shown). Immunogold studies (Fig. 8A,C)
revealed that gold particles corresponding to anti-
caveolin binding sites appeared isolated or as small
aggregates distributed over the cytoplasm and plasma
membrane. Some of these aggregates displayed a
circular or semi-circular shape and could correspond
to the labeling of small vesicles. These structures
appeared mainly located near the plasma mem-
brane, where they were associated with the cell
cortex. Gold particle density analysis demonstrates
that ethanol exposure decreases the number of anti-
caveolin binding sites (A/C ratio= 0.65) (Fig. 9).
However, no changes in the gold particle distribution

plasm (Fig. 7C). In some cells, clathrin has a punctate diffuse
cytoplasmic distribution. Although this pattern was similar in con-
trol and treated cells, the labeling appeared to be more pronounced
in control astrocytes. Using immunoelectron microscopy, we found
that gold particles corresponding to anti-clathrin binding sites were
located over or near the plasma membrane, small vesicles,
endosomes and as individual particles scattered over the cyto-
plasm (Fig. 8B-C). Double labeling with anti-caveolin and anti-
clathrin antibodies demonstrated that the two proteins do not co-
localize in the same cell structures (Fig. 8C). Quantification of the
anti-clathrin binding-site in alcohol-treated astrocytes revealed
that although this treatment does not alter the distribution pattern,

were observed. Finally, immunoblotting analysis also indicates that
ethanol significantly reduces the content of caveolin in astrocytes
(Fig. 10).

Clathrin
It is the main structural component of the coated vesicles

involved in membrane budding receptor-mediated endocytosis,
and other steps in the cycle of vesicle assembly, uncoating and
fusion (Kirchhausen et al., 1997; Mukherjee et al., 1997; Gaidarov
et al., 1999). Immunofluorescence localization of clathrin in control
and ethanol-exposed astrocytes showed the presence of labeling
over the plasma membrane, juxtanuclear (Golgi) region and cyto-

Fig. 4. Electron microscopy of the cell compartments participating in the endocytosis

of CF by control (CT) and ethanol-exposed (ETOH) astrocytes. (A and B) Endocytosis
of CF after a chase period of 30 min in control (A) and exposed to ethanol astrocytes (B).

In the control cells CF can be seen in different types of endosomes, and small vesicles
(arrows) near the Golgi apparatus (GA). Astrocytes exposed to ethanol show a distribution
of CF similar to that of the controls, although there is an increase in the number of structures
containing CF with respect to the controls (see also Fig. 6). (C) In control cells, CF appears
also as a continuous layer located in the deepest basal plasma membrane (arrowheads, see
also panel F). This layer was absent in most treated cells (D). (E) A MVB in a control cell.
Arrowheads point to the CF layer in the basal membrane. (F) MVBs in ethanol treated cells.
These MVBs contain fewer vesicles and CF particles than those of the control cells. Bar, A,
B,D and E, 0.5 µm; C, 0.25 µm;
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it significantly decreases the gold particle density (A/C ratio= 0.58)
(Fig. 9). The alcohol-induced reduction in the clathrin content in
astrocytes was also confirmed by western blotting (Fig. 10).

Rab5
It is a low molecular weight GTP-binding protein that plays a role

in endocytic vesicle trafficking and is found primarily on early
endosomes (Mukherjee et al., 1997; Novick and Zerial, 1997).
Immunofluorescence of rab5 revealed that this protein appeared as
fluorescent spots scattered over the cytoplasm, mainly in the cell
body (Fig. 7D). Similarly, immunogold studies demonstrate the
presence of anti-rab5 binding sites over cytoplasm and endosomes
(Fig. 8D-E). This localization pattern was similar in both cell types,
although a significant decrease in the gold particle density was
observed after ethanol exposure (A/C ratio= 0.55) (Fig. 9). Moreover,
as demonstrated by particle distribution analysis, whereas in controls

the cytoplasmic gold particles showed a contagious distribution, in
alcohol-treated astrocytes the particles were randomly distributed
(Fig. 11). Immunoblotting also indicates that ethanol exposure in-
duces a significant decrease in the rab5 content (Fig. 10).

β-COP
It is a protein involved in many steps of intracellular transport,

including during endocytosis (Aniento et al., 1996; Cosson and
Letourneur, 1997). Immunofluorescence of β-COP in astrocytes
revealed that this protein is mainly located in the juxtanuclear (Golgi
apparatus) region (Fig. 7E). Weak labeling was also observed as a
diffuse staining over the cytoplasm. Astrocytes exposed to ethanol
showed a similar labeling pattern, although fluorescence appeared
to be less intense than in controls. Moreover, in some cells the
juxtanuclear labeling appeared fragmented and/or surrounding the
nucleus (Fig. 7F). Immunoelectron microscopy confirms that gold
particles appeared over the Golgi area, some vesicles and cytoplasm
(Fig. 8F), as has been described in other cell types (Griffiths et al.,
1995). Gold particle density analysis indicated that ethanol induces
a significant decrease in total β-COP labeling (A/C ratio= 0.49),
although these differences between the two cell types decreased
when quantification was carried out excluding the Golgi apparatus
area (A/C ratio= 0.75) (Fig. 9). By western blotting we also found
small differences between control and ethanol-exposed growing
astrocytes (4 and 7 days of culture) (Fig. 10).

Discussion

Despite the number of studies on astrocyte-neuronal interac-
tions and the involvement of astroglial cells in a variety of signaling
and metabolic functions in the developing and adult brain (see
review by Vernadakis, 1996), the relationship between these
functions and the traffic of protein pathways, including endocyto-

Fig. 5. Endocytosis of BSA-gold and HRP-gold by control astrocytes.
(A) After a chase period of 15 min BSA-gold particles were seen in the
different cell layers (1-3), but were absent in the most apical membrane.
(B) After longer chase periods, some BSA-gold particles were seen
between the basal-most layer and the substratum (arrowheads, see also
panel G). (C) Double labeling experiments (BSA-gold and HRP-gold) where
10 and 20 nm particles correspond to BSA and HRP, respectively. (D) BSA-
gold particles are located in clathrin coated vesicles. (E) Endosome
containing BSA-gold. (F) Micrographs showing a late endosome contain-
ing HRP-gold. (H) Ten and 20 nm gold particles appear accumulated in the
intercellular space. The presence of a tight-junction blocks the traffic of
particles between two processes. Control and ethanol-exposed astro-
cytes show similar structures involved in the endocytosis of BSA and HRP.
The main difference between the two cell groups is the absence of gold
particles between the basal-most astrocytic process and the substratum.
Bars, A,B,C,E and G 0.5 µm ; D, 0.1 µm; F, 0.7 µm; H, 0.1 µm.

Fig. 6. Stereological analysis of structures containing CF, BSA and

HRP in control and ethanol-exposed growing astrocytes. (C, Control;
Et, Ethanol). Values significantly different from controls are indicated by a
circle (p< 0.05; number of cells analyzed per case = 30)
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sis, in astrocytes remains poorly understood. In the
present study, in which a combination of biochemical
and morphological methods is used, we show in detail
that growing cortical rat astrocytes in primary culture
have a developed, active endocytic system and that
exposure to low levels of ethanol alters the processes
of endocytosis and transcytosis and impairs the protein
trafficking in these cells.

Internalization of BSA
Our results suggest that the internalization of BSA-

receptor complex is affected by ethanol. This is sup-
ported by the findings demonstrating that during the
initial rate of 125I-BSA internalization (up to 15 min) the
levels of 125I-BSA were lower in astrocytes exposed to
ethanol than in controls. Alterations in the process of
internalization of several proteins have also been
reported in hepatocytes exposed to ethanol (Tuma et
al., 1991a,b, 1996; Tworek et al., 1996; Thiele et al.,
1999). Although it is unclear how ethanol affects these
processes, it has been demonstrated that ethanol
changes the properties of some receptors (Casey et
al., 1993). An impairment of BSA internalization in
astrocytes exposed to ethanol could also be the result
of the effect of this compound on cytoskeleton integrity
(Sáez et al., 1991; Vallés et al., 1997) or plasma
membrane composition (Sun et al., 1987; Renau-
Piqueras et al., 1992). Alternatively, changes in plasma
membrane composition might also affect membrane
caveolae domains and/or clathrin adaptor complexes
leading to an alteration in both ligand interaction with
its receptor and endocytosis processes via clathrin-
coated pits or nonclathrin pathways (Mukherjee et al.,
1997). Indeed, we show that ethanol exposure signifi-
cantly decreases the amount of caveolin and clathrin.

Early endosomes
We have used Tf as a marker of early endosomes

because after its internalization in coated vesicles the
Tf-receptor complex is first delivered to the sorting
endosome and then enters the recycling compart-
ment, where it remains stored or is recycled to the cell

that a modification in the levels of this protein could also contribute
to the morphological changes observed in early endosomes after
ethanol exposure. Ethanol-induced disruption of early endosomes
could also explain the alteration in the distribution and content of
rab5 in astrocytes exposed to ethanol. Rab5 is a small GTPase
involved in the regulation of membrane docking and fusion of
early endosomes (Gorvel et al., 1991; Stenmark et al., 1994;
Novick and Zerial, 1997). Interestingly, it has also been proposed
that this protein functionally links regulation of membrane trans-
port, motility and intracellular distribution of early endosomes
(Nielsen et al., 1999; Pfeffer, 1999). Recent studies have demon-
strated that chronic ethanol intake induces redistribution of other
rab proteins such as rab2 (Larkin et al., 1996) in hepatocytes.
Since rab proteins have been implicated as regulators of vesicle-
mediated trafficking events, one of the mechanisms involved in
ethanol-induced impairment of endocytosis could be probably an
alteration of rab proteins.

surface (Mukherjee et al., 1997). Our results indicate that, after a
chase period of 10 min, fluorescent Tf appeared mainly in the
recycling compartment, as is demonstrated by its localization in
tubular elements which are similar to those described in other cell
types (Mukherjee et al., 1997). We also found that ethanol
induces a fragmentation of the tubular structures of early
endosomes which might relate to an effect of ethanol on microtu-
bules. Indeed, it has been shown that ethanol disrupts the
microtubules of hepatocytes and astrocytes (Sáez et al., 1991;
Yoon et al., 1998) and that a disruption of microtubules results in
a fragmentation of the recycling compartment (McGraw et al.,
1993; Marsh et al., 1995). Moreover, it has been reported that
calmodulin regulates the morphology of tubular endosomes in the
recycling compartment, modulating the endocytic transport (Co-
lombo et al., 1997; Mukherjee et al., 1997), and we have shown
that ethanol alters the content of calmodulin and calmodulin
binding-proteins in astrocytes (Faura et al., 1992). This suggests

Fig. 7. Immunofluorescence of proteins involved in the endocytic process in

growing astrocytes. (A and B), Caveolin, control (CT) and ethanol-exposed (ETOH) cells,
respectively. (C) Clathrin, control cells. (D) Rab5, control cells. No qualitative differences
between control and ethanol-exposed astrocytes were found after staining with clathrin
and rab5 antibodies. (E and F). β-COP, control and ethanol-exposed astrocytes. Note that
in astrocytes exposed to ethanol the structures containing fluorescence appear frag-
mented with respect to the controls.
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An important question is the role played by the recycling
compartment in astrocytes. It has been reported that astrocytes
can endocytose brain-derived neurotrophic factor (BDNF) using
the truncated receptor, TrkB. Then internalized BDNF is stored
and, without degradation, is released in a receptor-bound active
form and can support neuronal survival (Rubio, 1997). This mecha-
nism would be relevant during the ontogeny of the nervous system
and in injured brain, where neuron survival becomes neurotrophin-
dependent. Indeed, we have found an increase in the expression
of the truncated form of TrkB in the brain of rats prenatally exposed
to ethanol (Guerri et al., 1998). Therefore, one role of early
endosomes in growing astrocytes may be to store different sub-
stances, including growth factors, which could be delivered under
specific physiological and pathological conditions.

Late endosomes
In contrast with Tf and as occurs with other ligands, after

internalization BSA dissociates from its receptor and accumu-
lates in sorting endosomes, which mature and give rise to late
endosomes, including MVBs. Finally, BSA accumulates in lysos-
omes by fusing with preexisting lysosomes (Keller and Simons,
1997; Mukherjee et al., 1997). Our results using FITC- labeled
BSA indicate that after 10 min, fluorescence accumulates in
perinuclear spots and in small tubular structures which are differ-
ent from the early tubular endosomes observed with the labeled
Tf. No alterations in the pattern of fluorescent BSA internalization
were observed in astrocytes exposed to alcohol, but the increase
in the intensity of perinuclear fluorescence that was observed in
these cells suggests an accumulation of BSA in late endosomes
and/or in lysosomes. This interpretation is supported by two
findings. First of all, in the experiments with 125I-BSA, after

prolonged periods of chase (15 to 60 min) the intracellular levels
of 125I-BSA were higher in ethanol-treated cells than in controls.
Secondly, stereological data indicate an accumulation of vesicles
and endosomes containing CF or BSA as well as an increase in
lysosomes in ethanol-exposed astrocytes which probably is the
result of the ethanol-induced damage to different cell compo-
nents. Our results suggest that ethanol probably impairs the later
steps of the endocytic pathway. Interestingly, impaired endocyto-

Fig. 8. Immunogold of caveolin, clathrin, rab5, and β-

COP in control growing astrocytes. Caveolin. (A) Gold
particles appear isolated or as small clusters displaying a
circular shape (arrowheads) near the plasma membrane.
Clathrin. (B) Gold particles corresponding to anti-clathrin
binding sites are located over or near the plasma mem-
brane, small vesicles and endosomes. Some particles
appeared scattered over the cytoplasm. In the figure, an
endosome containing CF and labeled with anti-clathrin is
seen. (C) Double labeling with anti-caveolin and anti-
clathrin antibodies indicates that the two proteins do not
co-localize. (D and E) Rab5 is localized in the cytoplasm
and over the membrane of endosomes. (F) β-COP ap-
pears mainly over the cisternae (arrows) and vesicles
(arrowheads) of the Golgi apparatus area or scattered over
the cytoplasm (circles). Ethanol-exposed astrocytes show
a labeling pattern for these proteins similar to that de-
scribed for the controls. Bar, A,C-F, 0.2 µm; B, 0.1 µm.

Fig. 9. Graph showing the ratio between gold particle density in

ethanol-exposed versus control astrocytes. β-COPt refers to total gold
particle density whereas β-COPc or cytoplasmic indicates the gold particle
density when the labeling over the Golgi apparatus area was excluded.
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sis and/or degradation of asialoglycoprotein, epidermal growth
factor and insulin have been observed in hepatocytes from
ethanol-fed animals (Dalke et al., 1990; Tuma et al., 1991b;
Tworek et al., 1996). In addition, despite the increase in the
number of endosomes containing CF or BSA in treated cells, the
number of vesicles and marker particles contained in MVBs in
these cells decreased with respect to control cells. This suggests
that ethanol also impairs the fusion between endosomes and
MVBs and in fact we have observed a decrease in the amount of
β-COP which is involved in the biogenesis of these MVBs (Aniento
et al., 1996; Gu et al., 1997). In addition, changes in the lipid
composition of MVBs membranes and endosomes or alterations
in microtubules could also contribute to a decrease in the number
of vesicles in these organelles (Gu and Gruenberg, 1999). How-
ever, studies on other proteins involved in later steps of endocy-
tosis, such as rab7, are needed to clarify the effect of ethanol on
late endosomes.

Transcytosis
Transcytosis of CF and BSA has been widely studied in

polarized and non-polarized cells, including differentiated astro-
cytes (Juurlink and Devon, 1990; Romagnoli and Herzog, 1991;
Antohe et al., 1997). The interstitial space of CNS, especially in
the grey matter, is compartmentalized into a large number of
interconnecting narrow tortuous channels by the processes aris-
ing from astrocytes (Kosaka and Hama, 1986). This geometry
does not facilitate the ready diffusion of macromolecules from one
region to another of the brain. Therefore, as previously suggested
(Juurlink and Devon, 1990), the process of transcytosis may
represent a shortcut for rapid and direct transport of macromol-
ecules across the cells and could be an important mechanism in
macromolecule transport in the brain. Interestingly, endocytosis
and transcytosis are processes showing important differences,
even in their the microtubular requirements (Hunziker et al.,
1990). We show that ethanol inhibits the transcytosis of BSA and
CF in astrocytes which occurs by the opposite sorting of these
molecules throughout the several layers of cells. Therefore, a
consequence of this effect could be a defective astrocyte-medi-
ated regulation of the macromolecular composition of the extra-
cellular space in the brain.

Mechanisms involved in the effect of ethanol on the endocytosis
processes

Recent research in liver has demonstrated that short and long-
term ethanol exposure induces a retention of nascent proteins
(Larkin et al., 1996), impairs vesicle transport (Torok et al., 1997) and
protein trafficking and alters the assembly of the plasma membrane
(Tuma et al., 1986, 1991a). Traffic along the receptor-mediated
endocytosis pathway appears to be especially susceptible to ethanol
in the liver (Tuma et al., 1990, 1991a,b). We show that in non-hepatic
cells such as growing astrocytes, ethanol also impairs the endocyto-
sis and transcytosis processes and alters intracellular protein traffick-
ing. It would therefore seem that these effects could constitute a
general mechanism of ethanol toxicity in the cell.

Although it is unclear how ethanol affects these processes, it
is widely accepted that acetaldehyde, the first product of ethanol
metabolism in the liver, can impair vesicle transport by disrupting
microtubules (Yoon et al., 1998). Although there is evidence
supporting this hypothesis with respect to the liver (Smith et al.,

1992), it cannot be the only mechanism involved in the effect of
ethanol on the cytoskeleton, because astroglial cells have low
capacity to metabolize ethanol and the production of acetalde-
hyde in these cells is very low compared with hepatocytes
(Eysseric et al., 1997). Moreover, we have found that ethanol
alters cytoskeletal elements in astrocytes, including microtubules
(Sáez et al., 1991; Vallés et al., 1997). Our results agree with the
idea that a number of separate mechanisms targeted by ethanol
participate in the overall action of ethanol in the endocytic pro-
cess. Some mechanisms probably relate to changes in the
plasma membrane (Sun et al., 1987; Renau-Piqueras et al., 1992)
and, therefore, ethanol-induced alterations in the plasma and
intracellular membrane composition could interfere with the abil-
ity of the cell to respond to the external microenvironment and
could affect with various transport processes, including binding of
proteins such as clathrin, caveolin, β-COP and rab5 to mem-
branes and fusion between endocytic elements (Slomiany et al.,
1999). Alternatively, ethanol may target enzymes involved in the
vesicle fusion and budding events (e.g. ATPases, GTPases) by
altering rab GTPase functions, which seem to participate as
specific regulators of membrane transport and fusion (Novick and
Zerial, 1997).

Fig. 10. Western blot densitometric analysis of caveolin, clathrin, rab5

and β-COP in control and ethanol-exposed astrocytes at 7 days of

primary culture. A representative immunoblot of each protein is shown.
Data are the mean ±  SD of 3-5 different samples, each from a different
culture. * p< 0.05.
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In summary, our results indicate that ethanol alters membrane
traffic in growing astrocytes, which could lead to defective transport
and altered disposal of important physiological proteins during
brain development such as NGF and its receptors (Vallés et al.,
1994) as well as NCAM (Miñana et al., 1998a). Therefore, ethanol-
induced alterations in endocytosis in growing astrocytes could be
an important mechanism underlying the adverse effect of ethanol
on the developing brain, including the fetal alcohol syndrome.

Materials and Methods

Astrocyte cultures
Primary cultures of astrocytes from 21-day-old rat fetuses were

prepared from brain hemispheres as described in detail (Renau-Piqueras
et al., 1989; Gomez-Lechón et al., 1992). Fetuses were obtained under
sterile conditions from rats, and the cerebral hemispheres were dissected
free of meninges and mechanically dissociated by pipetting in Dulbecco´s
modified Eagle´s medium (DMEM, Gibco BRL, Eggenstein, Germany).
The cell suspension was vortexed at maximum speed for 1 min and
filtered through a nylon mesh with a pore size of 80 mm. Cells were plated
on 35-mm Nunc plastic tissue culture dishes (1x106 cells/dish, 2 ml/dish)
and maintained in the same medium containing 20% fetal calf serum
(FCS) and 1% antibiotics. Cultures were grown in a humidified atmosphere
of 5% CO2 and 95% air at 37ºC. The medium was changed every 2 days.
Under these conditions, the cells grow rapidly for 7-10 days (proliferative
period) (Guerri et al., 1990). In all the experiments we used astrocytes at
7 days because, as is mentioned above, during the proliferation period
astrocytes release several neurotrophic factors and express their recep-
tors (Lu et al., 1991; Vallés et al., 1994). Some cells were grown in the
presence of ethanol in the culture medium (Renau-Piqueras et al., 1989).
The ethanol concentration in the medium was checked daily and adjusted
to a final concentration of 30 mM (ethanol evaporation after 24 h was 10-
20%).This concentration is similar to the blood level others have observed
in pregnant chronic female drinkers or when 3 to 5 drinks are consumed
by a 60-kg woman within 1 h (Eckardt et al., 1998). Ethanol was quantified
by head-space gas chromatography as previously described (Guerri and

Sanchis, 1985). Finally, the purity of the astrocyte cultures was assessed
by immunofluorescence using a mouse anti-GFAP monoclonal antibody
(Boheringer Manheim, Cat# 814369), and the possible contamination by
neurons was assessed by the same procedure using an anti-neurofilament
160-kDa monoclonal antibody (Sigma Chemicals Co., Cat# N5264).

Electron microscopy
Cell monolayers growing in plastic culture dishes were randomly selected

(5 dishes per treatment, 3 different cultures), washed three times in PBS,
fixed in 1.5% glutaraldehyde+1.0% formaldehyde in 0.1 mM cacodylate
buffer, ph 7.4, for 60 min at 4ºC and embedded in Epon 812 (10 blocks per
culture dish) (Mayordomo et al., 1992). In some cases, monolayers were
embedded “in flat” and fragments of the Epon dish containing cells were
glued on Epon blocks.

Analysis of endocytosis

Studies with fluorescent probes
Receptor-mediated endocytosis was analyzed by incubating the cells in

serum-free DMEM medium (SFDM) containing bovine serum albumin
(BSA) conjugated with FITC (Sigma Chemicals Co., Spain) or BODIPY-FL
labeled transferrin (Tf) (Molecular Probes Europe BV, Leiden) diluted 1:5
and 1:250, respectively (Juurlink and Devon, 1990; Tooze and Hollinshead;
1991; Ghosh and Maxfield, 1995; Mukherjee et al., 1997). Cells growing on
glass coverslips were washed with SFDM and incubated at 4°C for 60 min
in SFDM containing the labeled probe. At the end of the incubation,
astrocytes were washed twice with warm SFDM to eliminate unbound
marker and incubated in serum containing DMEM medium for several
chase periods (5,10,30 and 60 min) at 37°C. This low-temperature binding
procedure is widely used to increase the amount of label internalized in a
pulse-chase experiment. At low temperature (4°C), cells are capable of
binding extracellular ligands but internalization is prevented. Thus, the
population of surface receptors can be saturated with ligand conjugated
during 4°C incubation (Dunn and Maxfield, 1990). After the period of chase,
the cells were fixed in cold 2% glutaraldehyde in 0.1 M cacodylate buffer (pH
7.4) for 15 min, washed, mounted and examined with an Olympus fluores-
cence microscope. Although we used several chase periods, we have
analyzed mainly the chase period of 10 min, because at this time most of
the endocytic elements appeared labeled in astrocytes as occurs in other
cell types (Mukherjee et al., 1997).

For fluid-phase endocytosis, cells were washed three times in warm
SFDM and incubated with horseradish peroxidase (HRP) conjugated with
FITC (Sigma Chemicals Co.) (1:3 dilution) at 37°C for 5,15,30 and 60 min
(Marsh et al., 1986; Mukherjee et al., 1997). After the different incubation
times, cells were rinsed and fixed as described above.

In some experiments we used the Hoechst dye (molecular probes) to
stain nuclei, because it makes it possible to individualize the cells. The
fluorescent mitochondrial marker MitoFluor Green (molecular probes, cat #
M-7502) was used in some experiments.

Electron microscopy
Uptake of cationized ferritin (CF) was analyzed to study nonspecific

endocytosis using also pulse-chase experiments (Herzog and Farquhar,
1983; Klumperman et al., 1991; Lindo et al., 1993). The cells were rinsed and
incubated in SFDM containing 800 mg/ml of CF (Sigma Chemicals Co.)
(Lindo et al., 1993) for 60 min at 4°C. Then the cells were washed and
incubated with DMEM at 37°C for 0,1,15,30 and 60 min. At the end of the
different chase periods, cells were embedded as monolayers either in Epon
812 (5 plates per time period and treatment) or in Lowicryl K4M for
immunocytochemical studies (see below).

Receptor-mediated endocytosis in control and ethanol-exposed astro-
cytes was assessed by incubating the cells with SFDM containing BSA
conjugated with 10 nm gold particles (1:10 dilution, Sigma Chemicals Co.,
A520= 5.5; particles per A520 per ml = 5.9x1012) SFDM (Juurlink and Devon,
1990; Deng et al ., 1991) at 4°C for 60 min. After this incubation, cells were
washed in DMEM and maintained in the same culture medium at 37°C for

Fig. 11. Graph showing the effect of ethanol-exposure on the gold

particle distribution in astrocytes incubated for the immunocytochemi-

cal demonstration of rab5. Each quadrat corresponds to 1.13 µm2. As
seen, in treated cells the gold particles are more dispersed than in control
astrocytes, where many particles form small clusters.
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0,1,15,30 and 60 min in DMEM at 37°C. After each chase period, cells were
washed, fixed as monolayers (1.5% glutaraldehyde + 1.0% formaldehyde in
0.1M cacodylate buffer, pH 7.4 at 4°C) and embedded in Epon 812 (5 plates
per time period and treatment).

For fluid-phase endocytosis the cells were washed three times in SFDM
and incubated for 0,1,15,30 and 60 min at 37°C in DMEM containing HRP
conjugated with 20 nm gold particles (1:10 Sigma Chemicals Co., A520= 5.4;
particles per A520 per ml = 6.2x1011, work dilution, 1:10) (Marsh et al., 1986).
After washing, the cells were embedded in Epon 812 (5 plates per time period
and treatment). In some experiments, the cells were simultaneously loaded
with BSA and HRP, BSA and CF, HRP and CF, or BSA, HRP and CF
(Rabinowitz et al., 1992). BSA and CF were also used to assess the
transcytosis process in growing astrocytes (Juurlink and Devon, 1990;
Romagnoli and Herzog, 1991; Antohe et al., 1997).

125I-BSA internalization
Control and ethanol-exposed astrocytes were incubated for 60 min at 0ºC

in 1.5 ml SFDM containing 125I-BSA (ICN, Spain, concentration: 1.91 mCi/ml;
specific activity: 1.41 mCi/mg) at a final concentration of 0.05, 0.1 or 1.0 mCi/
ml. After this period, the medium was collected and the cells were incubated
in 1.5 ml DMEM containing unlabeled BSA at 37°C for 0,1,5,15,30 and 60
min. After each chase period, the medium was collected and the cells were
resuspended in DMEM. In some experiments, astrocytes were treated with
0.2 M acetic acid and 0.5 M NaCl (pH 3.5) for 10 min to remove surface-
associated BSA (Vallés et al., 1994). After acid treatment the cells were
resuspended in DMEM. Radioactivity was determined in a gamma counter
(Packard-Cobra). The amount of radioactivity in acid-treated precipitates
represents internalized BSA. Radioactivity in cells without acid treatment
corresponds to total bound BSA (surface-bound and internalized BSA).
Finally, radioactivity in the medium represents the release BSA-degrading
activity into the medium, the release back into the medium of intact BSA or
the translocated BSA. Nonspecific binding was determined in parallel
incubations in presence of an excess of non-labeled BSA and amounted to
4-10% of the total surface-bound or internalized radioactivity.

Acid phosphatase cytochemistry
For cytochemical demonstration of acid phosphatase (AcPase) as a

lysosomal marker, monolayers of cells previously incubated with CF were
processed as described in detail using cerium ions as a capturing agent
(Mayordomo et al., 1992; Lindo et al., 1993). The incubation medium was
composed of 0.1 M acetate buffer (pH 5.0), 1 mM b-glycerophosphate
(disodium salt) and 2 mM CeCl3.

Stereology
The volume density (Vv) of the endocytic vesicles, endosomes and

lysosomes containing BSA, HRP and CF as well as the Vv of AcPase positive
lysosomes was determined using point counting and stereological proce-
dures (Steinman et al., 1983; Sancho-Tello et al., 1987; De Paz et al.,1990;
Babia et al., 1999). The minimum sample size in each case was determined
by the progressive mean technique (confidence limit, ±10%) (Williams,
1977).

Primary antibodies
Polyclonal anti-caveolin 1-a (Transduction Labs., Cat #C13630). Working

dilution 1:500 for immunofluorescence, immunocytochemistry and 1:1000
for Western blotting.

Monoclonal anti-clathrin HC (N-19) (Transduction Labs., Cat #C43820).
This antibody recognized the heavy chain of the clathrin. Working dilution
1:50 for immunofluorescence and immunocytochemistry and 1:200 for
Western blotting. In some cases we also used a monoclonal anti-clathrin HC
(clone 23) obtained from Transduction Lab.

Anti-rab5 monoclonal antibody generously provided by Dr. M. Zerial
(EMBL, Heidelberg). Working dilution 1:200 for immunofluorescence and
immunocytochemistry and 1:500 for Western blotting.

Monoclonal anti- β-COP (clone maD, Sigma Chemical Co., G6160)

recognizing an epitope shared by Golgi β-COP protein (110 kDa). Working
dilution 1:80 for immunofluorescence and immunocytochemistry and 1:200
for western blotting.

Sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis
and Western blot

Astrocytes were washed with PBS, harvested from tissue culture
wells, homogenized in extraction buffer (PBS, 2% Nonidet P-40, 1.25 mM
phenylmethylsulfonyl fluoride, 40 mM leupeptin, aprotinin 10Fg ml-1, 1
mM sodium ortovanadate) and incubated on ice for 15 min. Cell lysates
were frozen and thawed three times and then centrifuged for 20 min at
15.000xg. The resulting supernatants were mixed with SDS sample buffer
6x [1x0.125 M Tris-HCl, pH 6.8, 2% SDS, 2 mM EDTA, 5% (vol/vol) 1-
mercaptoethanol] and boiled for 3 min. Proteins were separated in SDS-
polyacrylamide slab gels using the discontinuous gel and buffer system
of Laemmli (1970), employing 12.5 and 7.5% (wt/vol) polyacrylamide in
the separation gel. After electrophoresis, the proteins were transferred
to nitrocellulose paper using a Semidry Electroblotter apparatus. The
nitrocellulose paper was incubated overnight with a primary antibody
and then incubated for 1 h with anti-mouse or anti-rabbit-IgG-alkaline
phosphatase conjugate (Promega). After 10-20 min of color develop-
ment, the nitrocellulose sheets were washed and photographed (Miñana
et al., 1998b).

Immunofluorescence
Astrocyte monolayers growing on 16-mm glass coverslips were used for

immunofluorescence studies following procedures previously described
(Sancho-Tello et al., 1995). Briefly, cells were washed with phosphate-
buffered saline (PBS, 1.5 mM MgCl2 and 1 mM CaCl2) and fixed for 10 min
in -20°C methanol. After blocking for 10 min in 3% BSA in PBS, cells were
incubated with the primary antibody diluted in BSA-PBS. The incubation
was carried out at 37°C for 2 h in a moist chamber. After washing with 0.1%
Nonidet P-40 in PBS, cells were incubated for 1 h at room temperature with
the secondary antibody (FITC-conjugated goat anti-goat or anti-mouse
IgG, diluted 1:100 in 1% BSA-PBS). The coverslips were then washed with
PBS and mounted in FA Mounting Fluid (Difco).

Immunocytochemistry
Control and ethanol-exposed astrocytes in primary culture were fixed as

monolayers with 0.5% glutaraldehyde -4% formaldehyde in 0.1M cacody-
late buffer, pH 7.4, for 60 min at 4°C, detached from the plastic with a rubber
policeman, washed in the buffer, incubated for 60 min in 50 mM NH4Cl,
dehydrated in methanol and embedded in Lowicryl K4M as previously
described (Renau-Piqueras et al., 1989, 1997).

Immunolocation of caveolin, clathrin, rab5, and β-COP was performed
with the immunogold procedure as previously described (Renau-Piqueras
et al., 1989, Iborra et al., 1992; Miñana et al., 1998b). In some ultrathin
sections, double labeling using anti-clathrin and anti-caveolin (Mab, Trans-
ductions Labs., Cat #C43420) antibodies was performed as previously
described (Renau-Piqueras et al., 1989; Iborra et al., 1992; Bosser et al.,
1995). In addition, clathrin, caveolin and rab-5 were analyzed on sections
of cells previously incubated with CF. Quantitative analysis of immunogold
micrographs was performed as described (Iborra et al., 1992) and the
results expressed as the density of particles in ethanol-exposed cells/
density of gold particles in control cells (A/C ratio). Statistical analysis of
data was done using the Student’s t test (p<0.05).The distribution of gold
particles was assessed using a test for clumping or regularity consisting of
calculating the variance: mean ratio (Williams, 1977).
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