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The presence of GTP-binding proteins (G proteins) has been 
studied in murine adult choroid plexuses and cultured fetal 
choroidal or hypothalamic ependymal cells by ADP-ribos- 
ylation catalyzed by Bordefella pertussis toxin (PTX) and by 
immunodetection using affinity-purified polyclonal antibod- 
ies against the (II subunit of the G, protein (G,(Y), the major 
brain G protein. ADP-ribosylation with 32P-NAD and PTX of 
choroid plexus revealed an intense labeling at the 40 kDa 
level in addition to the known PTX-substrates at 41 kDa (Gin) 
and 39 kDa (G&. This 40 kDa substrate was also predom- 
inant in cultured ependymal cells. However, a positive im- 
munoreactivity with the anti-G,cy antibodies was detected at 
the level of the 39 kDa faster component, indicating the 
presence of G,a in both choroid plexuses and cultured epen- 
dymal cells. In thin frozen sections as well as in cuitured 
cells, G,ar was mainly immunolocalized at the apical pole of 
choroidal ependymocytes and in the kinocilia of ciliated 
ependymal cells. At the ultrastructural level, using gold im- 
munoprobes, the immunoreactivity of a G,cY-like protein was 
detected on the cytoplasmic face of the apical plasma mem- 
brane, coated pits and vesicles, and in the apical cytoplas- 
mic matrix. In ciliated ependymal cells, the positive immu- 
nostaining displayed a dotted pattern at the surface of 
demembranated axonema of apical kinocilia. These findings 
strongly suggest that G proteins, especially G,, are involved 
in transducing chemical signals that modulate traffic and 
exchanges between cerebrospinal fluid and ependyma 
through the apical membrane of ependymocytes. 

In a large variety of cell types, it has been shown that many 
receptors, detecting extracellular signals, trigger the stimulation 
of specific effecters through an activation of guanine nucleotide 
binding proteins (G proteins). The involvement of such trans- 
ducing proteins appears to be ubiquitous, having been described 
in the production of CAMP, cGMP, IP,, diacylglycerol, arachi- 
donic acid release, and in the gating of ion (K+ and Ca*+) chan- 
nels (see reviews by Bourne, 1986; Stryer and Bourne, 1986; 
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Ui, 1986; Bockaert et al., 1987; Dolphin and Scott, 1987; Dun- 
lap et al., 1987; Gilman, 1987). These G proteins now constitute 
a whole family, generally composed of heterotrimers (&) dif- 
fering in their subunits (from 39 to 52 kDa). The O( subunit, 
which binds GTP and displays a GTPase activity, can be ADP- 
ribosylated by cholera toxin (G,, transducin) or Bordetella per- 
tussis toxin (transducin, G,, G, . . . .). In retina photoreceptor 
cells, transducin stimulates cGMP phosphodiesterase, in re- 
sponse to the photoactivation of rhodopsin (Kuhn, 1978; Chabre, 
1985; Stryer, 1986). In various other cell types, G, and G, control 
the stimulation and inhibition of CAMP production, respec- 
tively (Gilman, 1987). Beside G, and G,, another G protein, 
named G, (for other than G, or G,), present in brain in relatively 
large amounts, has been purified (Neer et al., 1984; Sternweis 
and Robishaw, 1984; Homburger et al., 1987). This protein 
displays structural and biochemical properties that confirm its 
designation as a typical G protein (Huff et al., 1985; Itoh et al., 
1986; Rouot et al., 1987; Van Meurs et al., 1987). The (Y subunit 
of G, (G,cu) has a molecular mass of 39 kDa, is ADP-ribosylated 
by pertussis toxin (PTX) (Bokoch et al., 1983; Katada et al., 
1986) and is associated with the /3r complex, common to the 
other G proteins (35-36 kDa + 8 kDa). The physiological role 
of G, is still under debate. In functional reconstitutions, both 
G, and G,, have similar capacities to interact with GABA B, 
muscarinic, or cu,-adrenergic receptors (Asano et al., 1985; Cer- 
ione et al., 1986; Kurose et al., 1986). A possible function for 
G, is regulation of ionic channels (Dolphin and Scott, 1987; 
Dunlap et al., 1987; Miller, 1987). It has been shown that volt- 
age-sensitive Ca*+ channels and K+ channels are coupled with 
muscarinic, c+-adrenergic, opiate, GABA B, or dopamine re- 
ceptors through G proteins (Pfaffinger et al., 1985; Holz et al., 
1986; Yatani et al., 1986; Dolphin and Scott, 1987; Hescheler 
et al., 1987; Harris-Warrick et al., 1988). 

Recently, we prepared polyclonal antibodies against the puri- 
fied bovine brain G,cu-subunit, investigated G,Lu-immunoreac- 
tivity in cultured neuronal and glial cells by Western blot, and 
localized G, by light (Brabet et al., 1988) and electron immu- 
nocytochemistry (Gabrion et al., 1989). During a parallel study 
on the localization of G,a in noncultured brain tissues, we ob- 
served a strong positive reaction in choroid plexuses protruding 
in the third and fourth ventricles. This result prompted us to 
investigate the subcellular localization of G,oc in a preparation 
of hypothalamic and choroidal ependymal cells differentiated 
in culture that we have recently established (Gabrion et al., 
1988a). We first used PTX-mediated ADP-ribosylation and anti- 
G,ol antibodies to demonstrate the presence of G proteins in 
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ependymal cells. Light and electron immunocytochemistry re- 
vealed an asymmetrical distribution of G,LY, at the apical pole 
of choroidal or ciliated ependymal cells. 

Materials and Methods 
Materials. Lubrol PX, ATP, GTP, and L-myristyl phosphatidylcholine 
were obtained from Sigma. Lubrol PX was deionized prior to use. 
01 3’P-NAD and Y-Protein A were purchased from New-England Nu- 
clear. PTX was nrovided bv List Bioloaical Laboratories. All other 
chemicals were of high purity from commercial sources. 

Preparation of particulate fractions from cells. Tissues and cells washed 
with 0.15 M NaCl were swollen for 10 min in 1 ml of ice-cold lysing 
buffer containing 50 mM Tris-HCl, pH 7.5, 3 mM EDTA, 5 &ml 
soybean trypsin inhibitor, and 0.1 mM fresh PMSF. Each suspension of 
lysed tissues or cells was homogenized at 0°C in a Potter-Elvehjem. 
Homogenates or particulate fractions were stored frozen until use. 

Swiss Albino mice were fixed by cardiac perfusion with formaldehyde 
(3% in 0.1 M phosphate buffer, pH 7.4). After a 5-10 min perfusion, 
small pieces of choroid plexus were dissected, incubated in the same 
fixative for at least 1 hr, and infused in 2 M sucrose diluted in PBS (0.15 
M NaCl, 2.5 mM KCl, 8 mM Na,HPO,, 1 mM KH,PO,). Tissue blocks 
were rapidly frozen in liquid nitrogen, and thin frozen sections were 
prepared and immunostained according to the method described by 
Tokuyasu (1980), using a Reichert Ultracut equipped with a FC4-crvo- 
device. For immunofluorescence, thin frozen sections (200-300 nm) 
were obtained at -75°C and deposited on glass microscope slides. Ul- 
trathin frozen sections (< 100 nm) obtained at -95°C were deposited 
on carbon-Formvar-coated grids. 

ADP-ribosylation with PTX. For ADP-ribosylation with PTX, 100 Kg 
of proteins from particulate fractions were pelleted for 10 min in an 
Eppendorfcentrifuge and resuspended in 20 mM Tris-HCl, pH 8, 1 mM 
EDTA, 1 mM DTT, and 0.05% (vol/vol) of Lubrol PX. Samples were 
then incubated for 1 hr at 30°C in 70 mM Tris-HCl, pH 8, containing 
0.5 pM NAD, 0.5-l rci d?-NAD, 1 mM ATP, loo FM GTP, lo mM 

thymidine, 1 mM EDTA, 0. lrn~ MgCIZ, 1 mg/ml L-myristyl phospha- 
tidylcholine, 10 mM nicotinamide, 25 mM DTT, and 100 ng of activated 
PTX in a 60 ~1 assay volume. The reaction was stopped by adding 20 
~12% SDS plus 100 &ml BSA, and proteins were precipitated overnight 
at 4°C with 10% trichloracetic acid. After a 10 min centrifugation at 
10,000 x g, the pellets were washed twice with ethyl ether and dried. 
The dried pellets were solubilized in 20 ~1 of 50 mM Tris-HCl, pH 6.8, 
10% SDS, and 0.5 mM DTT by incubation for 2 hr at 30°C. The samples 
were cooled, mixed with 10 ~1 of 9 mM N-ethylmaleimide (NEM) and 
allowed to stand for 15 min at room temperature. Subsequently, 35 ~1 
of 100 mM Tris-HCl, pH 6.8, 10% SDS, 10% fl-mercaptoethanol, and 
20% glycerol were added, and an aliquot was loaded onto the gel. Anal- 
ysis in SDS-PAGE was performed on 1.5-mm-thick slab gels with a 
10% acrylamide, 0.13% bis-acrylamide separating gel containing 0.1% 
SDS in 0.375 M Tris-HCl. uH 8.8. Electroohoresis was carried out either 
at 4°C for about 90 min at 100 V and then for 5 hr at 35 mA constant 
or at room temperature at 30 mA constant (6.5 hr). Gels were then 
stained with Coomassie blue and dried. Autoradiography was performed 
using Kodak-X Omat AR5 film without intensifying screens for 24-96 
hr. 

A#inity-pkjication of antibodies. Characteristics of antisera against 
anti-G,,cy have previously been desccribed by Homburger et al. (1987) 
Rouot et al. (1987) and Brabet et al. (1988). For purification of antisera, 
2 mg of a purified mixture of G, and G, (heptylamine sepharose elution 
fraction) from bovine brain was coupled to activated CH-Sepharose 
(Pharmacia) to a final concentration of 1 mg protein/ml gel. IgG fractions 
precipitated with 30% (NH&SO, were applied to the G,-G, immobilized 
Sepharose gel and recycled through the column overnight at 4°C. After 
extensive washing with 10 mM phosphate buffer, pH 7.4, containing 
150 mM NaCl, specifically bound antibodies were eluted with 3 M so- 
dium isothiocyanate in 10 mM phosphate buffer, pH 7.4. The eluate 
was then thoroughly dialyzed against phosphate buffer pH 7.4, 150 mM 
NaCl, concentrated at about 1 mg IgG/ml, aliquoted, and stored at 
~80°C. 

Zmmunoblotting. Membrane fractions (100 fig) were pelleted for 10 
min in an Eppendorf centrifuge and solubilizedby incubation in 10 ~1 
of 50 mM Tris-HCl. uH 6.8. 10% SDS. and 0.5 mM DTT for 2 hr at 
30°C. The samples were then alkylated ‘with N-ethylmaleimide (NEM) 
as described above prior to electrophoresis. Analysis of the molecular 
weight of the proteins was performed on 10% polyacrylamide gels pre- 
pared according to Laemmli (1970). Proteins were then transferred onto 
nitrocellulose sheets as previously described (Audigier et al., 1985). The 
nitrocellulose sheets were dried and stained with red Ponceau S to assess 
the quality of the transfer. After blocking nonspecific protein binding 
with-3% gelatin, blots were incubated overnight at room temperature 
in 10 mM Tris-HCl. nH 7.5. 500 mM NaCl containing 0.3% aelatin and 
affinity-purified anti-G,, antibodies (6 &ml). The blots were then washed 
and incubated at room temperature with lz51-Protein A (100,000 cpm/ 
ml) for 1 hr. They were then thoroughly washed, dried, and exposed to 
Kodak X-AR5 with DuPont Cronex image-intensifying screens for 16- 
48 hr at -80°C. 

Thin frozen sections. Whole brains of 5 Sprague-Dawley rats and 5 

Cell cultures. Hypothalami and choroid plexuses obtained from 15- 
to 16-d-old Swiss Albino mouse fetuses or 17-d-old Sprague-Dawley 
rat fetuses (IFFA Credo, France) were used to generate long-term pri- 
mary cultures under conditions previously described in Gabrion et al. 
(1988). Briefly, cells isolated by mechanical dissociation through a fire- 
narrowed Pasteur pipette after a 10 min incubation in 1 mM EDTA 
buffer, pH 7.4, were grown for l-5 months in Dulbecco’s modified 
essential medium plus Ham F12 nutrient (1: 1) supplemented with 10% 
fetal calf serum in Falcon 35-mm-diameter Petri dishes for the prepa- 
ration of membranes and on glass coverslips for fluorescence or im- 
munolocalization. The culture medium was changed every 2-3 d. Cell 
cultures generated on glass or Thermanox coverslips (Miles, Naperville, 
IL) were rinsed in PBS or in serum-free culture medium at 37°C and 
immediately fixed with a mixture containing 3% formaldehyde in 0.1 
M phosphate buffer, pH 7.4, for 30 min at room temperature. 

Zmmunojluorescence detection of G,ti. After formaldehyde fixation, 
thin frozen sections adherent to glass microscope slides and cells at- 
tached to coverslips were rinsed in several baths of PBS. To quench 
free aldehyde groups, sections and cells were immersed for 10 min in 
PBS containing 50 mM NH,Cl. Cultured cells were permeabilized with 
0.1% Triton X- 100 in PBS for 5 min. After washing with PBS containing 
0.2% gelatin, slides and coverslips were incubated overnight with affin- 
ity-purified anti-G,or (10-20 &ml) in PBS containing 0.2% gelatin at 
4°C. Coverslips were washed 3 times for 1 hr with the same buffer and 
exposed to goat anti-rabbit second antibody conjugated to rhodamine, 
diluted 1:50 in PBS containing gelatin for 1 hr at room temoerature. 
Slides and coverslips were washed for 1 hr with PBS and mounted with 
Movio14.88 mounting medium (Reggio et al., 1983). Observations were 
carried out with a Zeiss epifluorescence microscope equipped with Plan- 
apochromat objectives and interferential filters. Ten 200 mm* coverslips 
(with l-10 x lo6 attached cells) were examined. 

Ultrastructural immunolocalization. Ultrathin sections attached to 
about 25 Formvar-carbon-coated grids were preincubated in PBS con- 
taining 0.2% gelatin and 1% normal goat serum (Nordic, Belgium) or 
3% BSA and then sequentially exposed for 1 hr at room temperature 
to specific antibodies against GOa (50 &ml) and to goat anti-rabbit IgG 
conjugated with 5 nm gold particles (Janssen Pharmaceutics, Belgium) 
or biotinylated donkey anti-rabbit IgG detected by 10 nm gold-strep- 
tavidine complexes (Amersham, UK). After washing and fixation, the 
grids were positively stained with neutral uranyl acetate and embedded 
in methyl-cellulose (Tokuyasu, 1980) before examination with a JEOL 
200 CX electron microscope. 

Cultured cells attached to 10 Thermanox coverslips and fixed with 
formaldehyde were rinsed in PBS containing 0.2% gelatin. Permeabil- 
ization of fixed cells was performed by mild treatment with 0.05% Triton 
X- 100 in PBS containing 0.2% gelatin and 1% normal goat serum or 
3% BSA. Affinity-purified antibodies diluted in the same buffer (50 fig/ 
ml) and goat anti-rabbit IgG conjugated with 5 nm gold particles were 
sequentially deposited on the coverslips. After extensive washing with 
gelatin-containing PBS, cells were fixed with 2% glutaraldehyde in 0.1 
M cacodylate buffer, pH 7.5, postfixed with 1% osmium tetroxide, stained 
en bloc with uranyl acetate, dehydrated in ethanol series, and embedded 
in Epon resin. More than 1000 cells were observed by electron mi- 
croscopy in Epon thin sections without additional contrast staining. 

Results 
Identification of G proteins in choroid plexus and cultured 
ependymal cells 
To assess the presence of G proteins in choroidal tissue or in 
ependymal primary cultures, we compared the electrophoretic 
mobility of PTX-dependent ADP-ribosylated proteins separat- 
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Figure 1. Characterization of a-subunits of G proteins ADP-ribos- 
ylated by PTX in fractions prepared from rat choroid plexus and primary 
cultures of rat or mouse hypothalamic ependymocytes. Different tissues, 
cultures, or purified proteins were ADP-ribosylated in the presence of 
32P-NAD as described in Materials and Methods and separated by SDS- 
PAGE before autoradiography. The proteins loaded were as follows: 
Iane I, G,a purified from bovine brain, 50 ng; lane 2, particulate frac- 
tions of rat choroid plexus, 10 fig; lane 3, purified bovine brain G 
proteins, 75 ng; lanes 4 and 5, homogenates of primary cultures of 
ependymal cells obtained from, respectively, mouse (lane 4) or rat hy- 
pothalamus (lane 5), 20 pg; lane 6, G,a purified from bovine brain, 50 
ng. In choroidal extracts (lane 2), 3 ADP-ribosylated bands were ob- 
served: the first comigrated with GJY (lane 6) and was also identified in 
purified brain Gal proteins (lane 3); the second and the third bands 
correspond to 40 and 39 kDa a-subunits of G proteins, respectively, 
which were also clearly evidenced in purified brain GLY proteins (lane 
3). The 39 kDa band migrates like the purified bovine G,ol (lane 1). In 
cultured mouse or rat hypothalamic ependymocytes (lanes 4 and 5), the 
same ADP-ribosylated bands were noted migrating in a 39-41 kDa 
range. The intermediate band corresponding to a Ga( of 40 kDa was the 
most intensely stained in choroid plexus and cultured ependymocyte 
fractions. 

ed by SDS-PAGE (Fig. l), as previously described by Toutant 
et al. (1987a, b) and Brabet et al. (1988). Choroid plexus (Fig. 
1, lane 2) contained 3 ADP-ribosylated proteins in the range of 
39-4 1 kDa and displayed a similar pattern to those of the puri- 
fied bovine brain G proteins (Fig. 1, lane 3). The more intense 
labeling in the bovine brain G-protein mixture (lane 3) corre- 
sponded to the G,a polypeptide at 39 kDa (lane l), while in rat 
choroid plexus, the major PTX-substrate was the intermediate 
band at 40 kDa (lane 2). On the other hand, the 40 kDa poly- 
peptide was largely predominant in cultured hypothalamic epen- 
dymocytes of mouse and rat (Fig. 1, lanes 4 and 5), while 39 
and 41 kDa PTX substrates were not so clearly seen. 

Thus, among the 3 ADP-ribosylated G proteins present in 
choroid plexus, those of higher and lower mobility respectively 
correspond to the 39 kDa G,a! (lane 1) and 4 1 kDa G,a (lane 6) 
subunits previously reported (Neer et al., 1984; Stemweis and 
Robishaw, 1984). The third one visualized between G,cr and 
G,cu subunits, predominant in plexus and in cultured ependymal 
cells, is probably the Ga40 protein recently purified from por- 
cine brain (Katada et al., 1987). 

Immunochemical detection of G,a in choroidal tissue and 
cultured hypothalamic ependymal cells 

Western blot experiments carried out with affinity-purified anti- 
G,ar revealed immunoreactivity in particulate fractions of cho- 
roid plexus (Fig. 2, lane 2) and ependymal cell cultures (Fig. 2, 
lanes 3 and 4). The only band stained in these tissues and cells 
displayed the same electrophoretic mobility as the GOa purified 

4 67 

Figure 2. Detection by Western blotting of polypeptides immunolog- 
ically related to the 39 kDa G,ol ofbrain in particulate fractions prepared 
from choroid plexus and cultured hypothalamic ependymal cells. Lane 
I, purified bovine brain G,oc, 100 ng; Iane 2, particulate fraction of 
mouse choroid plexus, 100 pg; lane 3, particulate fraction of cultured 
ependymal cells obtained from rat hypothalamus, 100 pg; lane 4, par- 
ticulate fraction of cultured ependymal cells obtained from mouse hy- 
oothalamus. 100 ~a: lane 5. nurified bovine brain Gia. 100 na. Anti- 
&,a affinity:purihed antibodies that recognized a band of 39kDa in 
brain but did not recognize G,ar (compare lanes I and 5) cross-reacted 
in choroid plexus and cultured ependymal cell extracts, with a unique 
band comigrating with the 39 kDa G,LY from brain. 

from bovine brain (Fig. 2, lane 1). In agreement with ADP- 
ribosylation experiments, immunoreactivity was stronger in 
choroid plexus (Fig. 2, lane 2) than in ependymal cell cultures 
obtained either from rat (Fig. 2, lane 3) or mouse (Fig. 2, lane 
4) hypothalamus. No immunostaining could be detected when 
purified bovine brain Gicr was run side by side on the same gel 
(Fig. 2, lane 5). 

Asymmetrical localization of G, observed in thin frozen 
sections of choroid plexus 
Thin frozen sections of choroid plexus obtained from fortnal- 
dehyde-perfused murine brains were immunostained with af- 
finity-purified antibodies against G,cr visualized with secondary 
antibodies conjugated with rhodamine. Under these conditions, 
the apical surface of the ependymocytes was brightly fluorescent, 
while the basolateral surfaces, cytoplasm, and nucleus were al- 
ways weakly stained or negative. This clearly established the 
asymmetrical distribution of the G, protein in choroidal epen- 
dyma (Fig. 3, a, b). Endothelial cells did not express cross- 
reactivity with the antibody. At the apical pole, the positive 
staining outlined the ependymal surface and the microvilli fac- 
ing the ventricular cavity were particularly well contrasted by 
fluorescent probes (Fig. 3b). Immunoelectron observation of 
ultrathin frozen sections labeled with anti-G,a antibodies fol- 
lowed by secondary gold probes confirmed this distribution. A 
positive reaction was noted at the apical pole of the cells. How- 
ever, electron immunogold methods showed that the protein is 
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Figure 3. Immunofluorescence localization of a G,ol-like protein in thin frozen sections of mouse choroid plexus. The immunoreaction was intense 
at the apical surface (us) of ependymal cells (e) lining the ventricular cavity (VC). A clearly weaker reaction to the antibody was detected in the 
nucleus and cytoplasm and at the basal side (bs) of the ependymal cells. Red blood cells displayed a nonspecific autofluorescence due to the presence 
of hemoglobin (h). a, x 300, b, x 1000. 

Figure 4. Ultrastructural immunolocalization of G,,cY immunoreactivity in the mouse (a) or rat (b) choroid plexus with gold immunoprobes. a, 
The immunoreaction was observed at the level of the apical plasma membrane (arrowheads). Cytoplasmic matrix supporting microvilli (mv) and 
apical cytoplasm (UC) near the tight junction (G) were also intensely covered with gold particles. In contrast, more dispersed gold particles were 
found at the level of the subapical cytoplasm (circle). b, At a higher magnification, the gold labeling was observed under the plasma membrane 
(arrowheads) of the apical microvilli (mv) and also in the matrix of the apical cytoplasm (UC). Scale bar, 0.5 pm. 
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Figure 5. Immunofluorescence localization of G,a immunoreactivity in cultured ependymal cells obtained from mouse choroid plexus (c.z, b) or 
hypothalamus (c, d). Fixed cells were permeabilized with Triton X-100 prior to immunostaining. A positive reaction was observed in cultured 
choroidal ependymocytes organized in small cauliflower-shaped aggregates (a, stars), while nonependymal cells (a, asterisks) were negative. When 
focus was made on the apical surface of spread ependymocytes (b), a positive reaction clearly occurred on the cells in spots, which looked like large 
apical microvillli, typical of the apical choroidal surface. c, In hypothalamic ciliated ependymal cells, a positive staining was noted when focus was 
made on the apical kinocilia. d, At higher magnification, the positive staining appeared as dotted lines on the cilia. a, x 200; b, x 600; c, x 300; d, 
x 600. 

located on the apical plasma membrane but also dispersed in 
the cytoplasmic matrix supporting the microvilli or constituting 
the apical cytoplasm (Fig. 4, a, b). If the absence ofpermeabiliza- 
tion in these immunocytochemical procedures is considered, 
these results argue for the clustering of the protein in the cy- 
toplasmic matrix or under the apical plasma membrane. Clumps 
of gold particles, which occurred more frequently, suggested that 
a single protein could be bound simultaneously by several an- 
tibody molecules on several epitopes, or they perhaps indicated 
that G proteins are clustered in the cells. We observed that no 
gold labeling was found in the absence of the first antibody. 

Localization of G,a in choroidal and hypothalamic ependymal 
cell cultures 
Long-term primary cultures of choroidal (Fig. 5, a, b) or hy- 
pothalamic ependymal cells (Fig. 5, c, 6) were immunostained 
after Triton X- 100 permeabilization with antibodies specific to 
the G,(Y subunit, whereas no reaction was obtained when the 
first antibodies were omitted (not shown). When focus was made 
on the surface of the cultures, i.e., at the level of the apical 

surfaces, we observed an intense labeling of the choroidal epen- 
dymocytes (Fig. 5a), which are organized in cauliflower-shaped 
aggregates in primary cultures developed from fetal choroid 
plexuses (previously described in Gabrion et al., 1988). In con- 
trast, nonependymal choroidal cells are negative. Focusing on 
the apical surface of choroidal ependymocytes spread in mono- 
layers allowed us to observe fluorescent spots evoking apical 
microvilli (Fig. 5b). In cultures of hypothalamic ciliated epen- 
dymocytes, a striking positive reaction was noted as dotted lines 
when we focused on the apical kinocilia (Fig. 5, c, 6). 

Observed by immunoelectron microscopy after Triton X- 100 
permeabilization, choroidal ependymocytes displayed a posi- 
tive reaction in the apical microvilli, in the apical cytoplasmic 
matrix, and on the inner face of the apical plasma membrane 
(Fig. 6, a-c). Gold particles, frequently distributed in clumps, 
were also observed on the cytoplasmic face of coated pits and 
vesicles and in the vicinity of the junctional complexes. These 
findings demonstrate that G,a! epitopes are possibly present not 
only in association with the plasma membrane (principally at 
the apical pole, as shown in Fig. 6b) but also in association with 
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Figure 6. Immunoelectron localization of GOa immunoreactivity in cultured choroidal ependymocytes, with gold immunoprobes. a, Gold particles 
were found dispersed in the apical cytoplasm (UC) near the tight junction (tj), in endoplasmic reticulum profiles (er), and in the typical bulbous 
microvilli (mv) of choroidal ependymocytes (arrowheads). b, In cells displaying small microvilli, gold labeling was abundant under the apical plasma 
membrane (am). c, At higher magnification, the gold labeling (arrowheads) was clear in microvilli (mv), in association with the apical cytoplasmic 
matrix and on the cytoplasmic side of coated pits (cp). Scale bar, 0.5 pm 

the cytoplasmic matrix, between rough endoplasmic reticulum 
cisternae and in areas rich in cytoskeletal structures (Fig. 6, a, 
c). This point was in agreement with the data obtained from 
other cell types (Gabrion et al., 1989), while a membrane pro- 
tein, such as the apical Na+-K+-ATPase, immunologically de- 
tected in the same experimental conditions, is not so regularly 
evidenced in the cytoplasm (S. Peraldi and J. Gabrion, unpub- 
lished observations). 

In ciliated ependymal cells permeabilized with Triton X- 100 
(Fig. 7, a-c), we noted a regular positive reaction at the surface 
of demembranated axonemes, confirming light immunoflu- 
orescent observations (Fig. 5, c, d). This result reinforced the 

idea that at least one PTX-sensitive G protein, detected with 
anti-G,or-antibodies, is present in the kinocilia of brain epen- 
dymal cells. 

Discussion 
In the present study, biochemical and immunological detection 
as well as the immunocytochemical localization of G, was used 
to investigate 2 types of ependymal cells. Choroid plexus ex- 
hibited 3 distinct PTX substrates, at 39, 40, and 41 kDa, like 
brain total extracts (Neer et al., 1984; Katada et al., 1987). 
However, the major substrate for ADP ribosylation by PTX in 
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Figure 7. Immunoelectron detection of G,a! immunoreactivity in cultured ciliated ependymocytes with gold immunoprobes. In longitudinal (a, 
c) and transverse sections (b), positive labeling was distributed as spots along the axonemes of kinocilia (K). Despite the strong permeabilization 
of the cells, no labeling was observed in the apical cytoplasm where the basal bodies (Bb) are found. Scale bar, 0.5 pm. 

choroid plexus and ependymal cell cultures is at 40 kDa, while 
the more intensely labeled subunit in brain is found at 39 kDa. 
The significance of such differences in the ADP-ribosylation 
profiles remains unclear, even if it is now known that bands 39, 
40, and 4 1 kDa are products of different genes (Itoh et al., 1986) 
probably heterogeneously expressed by neuronal or ependymal 
cells. A pattern similar to that of choroid plexus was also evi- 
denced in chromaffin cells (Toutant et al., 1987a). The function 
of the 40 kDa cy subunit identified in several cell types is still 
unknown. 

Beside the 40 kDa PTX substrate, the presence of a G,cu 
subunit, at 39 kDa, in choroid plexus and cultured ependymal 
cells was immunologically further confirmed. Thus, with our 
anti-G,a! antibodies which cross-reacted with only one band 
comigrating with the G,a extracted from brain, using light and 
electron immunocytochemical methods, we revealed the intense 
asymmetrical immunoreactivity outlining the apical surface of 
choroidal ependymocytes in thin frozen sections and in culture. 
This peculiar distribution of G,oc-like immunoreactivity was 
quite different from that observed in neurons or astrocytes, in 
which no polar distribution was noted for G,ol (Brabet et al., 
1988). In astroglial cells, the immunostaining obtained with 
anti-G,a-antibodies was quite homogeneously associated with 
the cytoplasmic matrix. In neurons, the cytoplasmic matrix was 
also labeled, but the major immunoreactivity was observed at 

the periphery of cell bodies and net&es. The positive reaction 
was particularly intense in areas where plasma membranes were 
engaged in cell-cell contacts, although synapses themselves were 
never labeled (Gabrion et al., 1989). In choroidal ependy- 
mocytes, the immunoreaction was also associated with the apical 
cytoplasmic matrix. This domain is known to be rich in actin 
microfilaments as in almost all epithelial cell types (Mooseker, 
1985; Simons and Fuller, 1985). It is not yet clear whether the 
cytoplasmic G,ar is involved in special cytoplasmic functions. 
However, the fact is interesting to note, because G proteins are 
considered as essentially involved in transducing mechanisms 
located on the inner face of the plasma membranes. Similar 
findings, obtained in neurons (Gabrion et al., 1989), chromaffin 
cells (unpublished observations), and about the ultrastructural 
localization of the p subunit of G proteins in nervous tissues 
(Lombard0 et al., 1985), reinforce the idea that G proteins could 
also have a cytoplasmic role. Arguments for this assertion would 
be provided by further biochemical and functional studies. 

Epitopes recognized with anti-G,,a antibodies on the inner 
face of the apical membrane may suggest that a G protein is 
involved in the transduction of signals from the cerebrospinal 
fluid (CSF) to the ependymal cytoplasm and might modulate 
the functions of the choroid plexuses of both third and fourth 
ventricles. Several observations have strengthened this hypoth- 
esis. The distribution of this G protein is clearly quite similar 
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to that of the Na-K-ATPase, an enzyme asymmetrically dis- 
tributed in the apical plasma membrane of choroidal ependy- 
mocytes (Masuzawa et al., 1985; Ernst et al., 1986; S. Ptraldi 
and J. Gabrion, unpublished observations) and involved in the 
active transport that plays an important role in the CSF pro- 
duction (Wood, 1980). It should also be noted that evidence for 
a network of cholinergic, noradrenergic, and serotoninergic in- 
nervation in choroid plexus has already been presented (Bou- 
chaud and Arluison, 1977; Lindvall et al., 1977; Moskowitz et 
al., 1979; Richards et al., 198 1; Napoleone et al., 1982). More- 
over, these structures also contain several neurotransmitter re- 
ceptors such as /?-adrenergic, serotoninergic (5-HT,,), and atrio- 
peptidic receptors (Nathanson, 1979; Pazos et al., 1984; Yagaloff 
and Hartig, 1985; Conn et al., 1986; Steardo and Nathanson, 
1987). Their activation appears to modulate CSF production 
(Steardo and Nathanson, 1987). 

In choroid plexus, the role of G proteins, particularly G,, 
remains to be determined. However, the colocalization of G,cr 
and Na-K-ATPase in the apical membrane of the choroidal 
ependymocytes and the recent detection in these cells of ionic 
channels (e.g., K+, Cll) by electrophysiological patch-clamp 
methods (Ch. Bouillt and J. Gabrion, unpublished observations) 
have prompted us to undertake further investigation of G pro- 
tein functions in ependymal cells, particularly in the context of 
the recent identification, in quail choroid plexus, of soluble S-an- 
tigen, a major protein known to regulate retinal phototrans- 
duction (Oliver et al., 1987). 

The second interesting result of the present study concerns 
the presence of a G protein in apical kinocilia of the ciliated 
ependymocytes obtained from the walls of the third ventricule. 
Since G,a has been found in a partially purified preparation of 
isolated chemosensory cilia from olfactory epithelium (Anholt 
et al., 1986) and since ciliated ependymal cells are known to be 
preferential target cells in the infectious brain pathogenesis in- 
duced by B. pevtussis (Berenbaum et al., 1960; Hopewell et al., 
1972) it is tempting to consider that G,ar and/or other PTX- 
sensitive G proteins might be involved in the regulation of 
ciliary functions (Collier et al., 1977), especially in ciliated cells 
of neural origin. 
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