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Caveolae are 50–100 nm, nonclathrin-coated, flask-shaped
plasma membrane microdomains that have been identified in
most mammalian cell types, except lymphocytes and neurons.
To date, multiple functions have been ascribed to caveolae,
including the compartmentalization of lipid and protein compo-
nents that function in transmembrane signaling events, biosyn-
thetic transport functions, endocytosis, potocytosis, and trans-
cytosis. Caveolin, a 21–24 kDa integral membrane protein, is
the principal structural component of caveolae. We have initi-
ated studies to examine the relationship of detergent-insoluble
complexes identified in astrocytes to the caveolin–caveolae
compartment detected in cells of peripheral tissues. Immuno-
localization studies performed in astrocytes reveal caveolin
immunoreactivity in regions that correlate well to the distribu-
tion of caveolae and caveolin determined in other cell types,
and electron microscopic studies reveal multiple clusters of
flask-shaped invaginations aligned along the plasma mem-

brane. Immunoblot analyses demonstrate that detergent-
insoluble complexes isolated from astrocytes are composed of
caveolin-1a, an identification verified by Northern blot analyses
and by the cloning of a cDNA using reverse transcriptase-PCR
amplification from total astrocyte RNA. Using a full-length
caveolin-1 probe, Northern blot analyses suggest that the ex-
pression of caveolin-1 may be regulated during brain develop-
ment. Immunoblot analyses of detergent-insoluble complexes
isolated from cerebral cortex and cerebellum identify two im-
munoreactive polypeptides with apparent molecular weight and
isoelectric points appropriate for caveolin. The identification of
caveolae microdomains and caveolin-1 in astrocytes and brain,
as well as the apparent regulation of caveolin-1 expression
during brain development, identifies a cell compartment not
detected previously in brain.
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Caveolae are a subset of nonclathrin-coated invaginations of the
plasma membrane that have been identified in most mammalian
cells (Palade, 1953; Yamada, 1955; Bretscher and Whytock, 1977;
Anderson, 1993). Although a large repertoire of functions has
been attributed to caveolae, several lines of evidence suggest that
caveolae may compartmentalize lipid and protein components
that participate in transmembrane signaling events (Anderson,
1993; Lisanti et al., 1994b). Among the spectrum of cell-signaling
components identified within caveolae are G-protein-coupled re-
ceptors, glycosylphosphatidylinositol-anchored proteins, Ga and
Gb subunits of heterotrimeric GTP-binding proteins, Ras-related
GTP-binding proteins, inositol 1,4,5-triphosphate receptors and
receptor-like proteins, inositol 1,4,5-triphosphate-dependent cal-
cium channel members of the Src tyrosine kinase family, Src
homology 2 adapters, protein kinase Ca, and the ERK-2 isoform
of MAP kinase (Brown and Rose, 1992; Fujimoto et al., 1992,
1995; Sargiacomo et al., 1993; Chang et al., 1994;. Lisanti et al.,
1994a; Schnitzer et al., 1995b,c; Smart et al., 1995b).

Caveolin, a 21–24 kDa integral membrane protein, appears to
be the principal structural protein of caveolae (Peters et al., 1985;
Rothberg et al., 1992). Although the precise function(s) of caveo-
lin remain to be clarified, studies reveal that caveolin binds
directly with cholesterol, glycosphingolipids, and lipid-modified
signaling molecules (Parton, 1994; Li et al., 1995, 1996; Murata et

al., 1995; Song et al., 1996a). Accordingly, in addition to providing
the structural scaffolding, caveolin may also modulate the com-
partmentalization of those components involved in cell-signaling
events. Multiple forms of caveolin have been identified: caveolin-
1a, caveolin-1b, caveolin-2, and caveolin-3, and although they
show general similarities in structure and function, they differ in
specific properties and tissue distribution (Scherer et al., 1995,
1996; Way and Parton, 1995; Song et al., 1996b; Tang et al., 1996).

Caveolin has not been detected as a resident component in
detergent-insoluble complexes isolated from neurons, neuroblas-
toma cells, and brain (Gorodinsky and Harris, 1995; Olive et al.,
1995; Bouillot et al., 1996). Furthermore, Northern blot analyses of
poly(A1) RNA or total RNA isolated from adult mouse brain or
from neuroblastoma cells, respectively, have not revealed caveolin
message (Lisanti et al., 1994a; Shyng et al., 1994; Scherer et al.,
1996; Song et al., 1996b). Because caveolin expression levels have
been shown to correlate with morphologically identifiable caveolae
(Koleske et al., 1995; Scherer et al., 1995, 1996), the extent to which
the detergent-insoluble complexes isolated from brain represent a
compositional and functional counterpart to the caveolae microdo-
mains described for other cell types remains unclear. Additionally,
available studies cannot rule out the possibility that known forms of
caveolin are expressed in restricted windows during brain devel-
opment, nor can they rule out the existence of caveolin forms that
are brain-specific. To begin to evaluate these possibilities, we ini-
tiated studies to identify known and/or novel caveolin forms in
astrocytes. In the present study, we demonstrate by indirect immu-
nofluorescence and thin-section electron microscopy that astro-
cytes contain morphologically identifiable caveolae and, further-
more, that these caveolae contain caveolin 1a.
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MATERIALS AND METHODS
Materials. Timed-pregnant and adult Sprague Dawley rats used in all
experiments were obtained from Harlan Sprague Dawley (Indianapolis,
IN). Tissue culture media and sera were purchased from Life Technol-
ogies (Gaithersburg, MD), and HL1 media supplement was purchased
from Hycor (Irvine, CA). Fetal calf serum and fetal clone I were
obtained from HyClone (Logan, UT). Monoclonal and polyclonal anti-
bodies to caveolin were obtained from Transduction Laboratories (Lex-
ington, KY); indocarbocyanine (Cy-3)-conjugated goat anti-mouse IgG
antibodies were obtained from Jackson ImmunoResearch (West Grove,
PA); and 125I-goat a-rabbit and goat a-mouse IgGs were from DuPont
NEN (Boston, MA). Carrier ampholines were obtained from LKB
Instruments (Gaithersburg, MD); molecular mass standards and other
electrophoresis reagents were from Bio-Rad (Richmond, CA). Percoll
was purchased from Pharmacia (Piscataway, NJ), and Optiprep was from
Accurate Scientific (Westbury, NY). All other supplies were from gen-
eral distributors.

Cells. All animal protocols were reviewed and approved by the Com-
mittee on Animal Use in Research and Education at the Medical College
of Georgia. Primary cultures composed of mixed glial cells were prepared
from cerebral cortices of ,24 hr neonatal rats as described (Cameron
and Rakic, 1994). Type 1 astrocytes were obtained according to the
method of Levison and McCarthy (1991). Cell cultures were maintained
at 37°C in a humidified atmosphere of 5% CO2. Primary cultures of
hippocampal neurons were prepared from hippocampi of embryonic day
18 or 19 rats according to procedures described previously (Cameron et
al., 1991).

Electron microscopy. Type 1 astroglial cells in culture dishes were fixed
with 2.5% glutaraldehyde in 100 mM sodium phosphate, pH 7.4 [60 min
at room temperature (RT)]. Washed cells (100 mM sodium cacodylate,
pH 7.2) were collected by scraping, sedimented in a microfuge (15,000 3
g for 10 min), and post-fixed in 1% OsO4 in 100 mM sodium cacodylate,
pH 7.2, (3 hr at 0°C). Pellets were stained en bloc with 2% uranyl acetate
in maleate (50 mM, pH 5.8), dehydrated in ethanol and propylene oxide,
and embedded in Epon 812/Araldite. Samples of detergent-insoluble
complexes were sedimented after isolation and fixed with 2.5% glutaral-
dehyde in 100 mM sodium phosphate, pH 7.4 (60 min at RT) and
processed for morphological analyses as described for astrocytes. Thin
sections were stained in both uranyl acetate and lead citrate. Micrographs
were taken on a JEOL 1010 transmission electron microscope (JEOL
USA, Peabody, MA).

Immunocytochemical procedures. For localizing antigens in astrocytes,
monolayers of type 1 astrocytes were trypsinized, and dissociated cells
were plated on poly-L-lysine-treated glass coverslips at 3 3 10 4 cells/cm 2.
Astrocyte cultures were fixed with 3% formaldehyde (freshly prepared
from paraformaldehyde) in 120 mM sodium phosphate (RT, 20 min).
Indirect immunofluorescence analyses were performed as described
(Cameron et al., 1991). As an alternative to the use of 0.3% Triton
X-100, saponin was added at 0.005% to all solutions. The distribution of
antigens was visualized by the use of secondary antibodies: Cy-3-
conjugated goat a-mouse IgG or Cy-3-conjugated goat a-rabbit IgG.
Coverslips and slides were mounted in a freshly prepared solution con-
taining 10 mM sodium phosphate, pH 7.4, 150 mM NaCl, 70% glycerol,
and 1 mg/ml p-phenylenediamine. Cells were viewed through a Zeiss
Axiophot microscope equipped with epifluorescent optics and photo-
graphed using Kodak (Rochester, NY) Tmax 100 film.

Isolation of low-density, Triton X-100-insoluble complexes. Detergent-
insoluble complexes were prepared according to the procedure of Sar-
giacomo et al. (1993). All buffers and solutions were supplemented with
protease inhibitors (0.4 mM PMSF and 10 mg/ml each of pepstatin A and
leupeptin), and each step was performed at 4°C. Briefly, confluent mono-
layer cultures of type 1 astrocytes or Madin–Darby canine kidney
(MDCK) cells were rinsed with minimum essential medium and scraped.
Cells were sedimented by centrifugation, and pellets were resuspended
in MBS buffer (25 mM MES, pH 6.5, and 150 mM NaCl) containing 1%
Triton X-100 and 0.005% DNase. For preparation of detergent-insoluble
complexes from adult lung and brain tissues, cerebral cortices and cer-
ebellum were removed, dissected free of overlying meninges, and ex-
tracted in MBS containing 1% Triton X-100; lungs were excised, dis-
sected free of connective tissue, and homogenized in MBS containing
1% Triton X-100 using a tissuemizer at 9500 rpm for 15 sec two times.
Subsequent processing for both cell and tissue samples was performed in
an identical manner. Samples were solubilized for 20 min at 4°C, dis-
persed by 10 up and down strokes with a tight-fitting Dounce homoge-
nizer, solubilized for an additional 10 min, and dispersed a second time

as described above. The homogenate was adjusted to 40% sucrose
(checked by refractive index) by addition of 80% sucrose in MBS buffer,
and 2.0–2.5 ml of the homogenate was overlaid by a 5–30% linear sucrose
gradient in MBS that contained no Triton X-100. Centrifugation
[188,000 3 gav for 19–20 hr in an SW41 rotor (Beckman Instruments,
Palo Alto, CA)] resulted in the appearance of an opaque band migrating
between 10 and 20% sucrose. For subsequent analyses, either 1 ml
fractions were collected across the gradient, or a band located within the
10–20% sucrose region of the gradient was collected, diluted with MBS
buffer, and sedimented by centrifugation [117,000 3 gav for 2.5 hr, 60 Ti
rotor (Beckman)]. Collected fractions or the pellet, which was resus-
pended in MBS, were stored at 220°C.

Caveolin-enriched fractions were isolated in the absence of detergent
according to either of two procedures (Smart et al., 1995a; Song et al.,
1996a). All buffers and solutions were supplemented with protease in-
hibitors. In the first case, sodium carbonate replaced Triton X-100, and a
sonication step was introduced to disrupt membranes more finely (Song
et al., 1996a). In the second case, a plasma membrane fraction, isolated
as described by Smart et al. (1995a), served as the starting membrane.
After sonication, caveolin-containing microdomains were separated from
residual plasmalemmal domains using two successive Optiprep gradients
(Smart et al., 1995a).

PAGE and immunoblotting. For one-dimensional SDS-PAGE analyses,
reduced protein samples were resolved in 12.5% acrylamide gels in a
Laemmli (1970) buffer system. Two-dimensional PAGE was performed
as described previously (Cameron and Rakic, 1994). Membrane samples
(75 mg) were solubilized in 1% SDS and 40 mM dithiothreitol before
isoelectric focusing. Second-dimension resolving gels were 12.5% acryl-
amide prepared in the Laemmli (1970) buffer system. Protein was deter-
mined according to the manufacturer’s instructions (Pierce, Rockford,
IL) using bovine serum albumin as a standard. Fractionated polypeptides
were transferred electrophoretically to nitrocellulose according to the
procedure of Towbin et al. (1979). Immunoblots were incubated in
blocking buffer (5% nonfat dry milk, 10 mM Tris, and 150 mM NaCl, pH
7.5) for 60 min and subsequently overnight in blocking buffer containing
primary antiserum (1 mg/ml). Bound antibodies were detected using
iodinated goat anti-rabbit IgG or rabbit anti-mouse IgG (0.5 mCi/ml, 90
min). Immunoblots were exposed to Amersham (Arlington Heights, IL)
Hyperfilm at 270°C with an intensifying screen for 24–72 hr.

Identification of GTP-binding proteins in caveolin-enriched fractions
isolated from astrocytes. GTP-binding proteins were detected in fractions
obtained from astrocytes resolved on Triton X-100/MBS gradients ac-
cording to either of two procedures: by a modification of a GTP overlay
procedure (Bhullar and Haslam, 1987; Lapetina and Reep, 1987), or by
in situ labeling using periodate-oxidized [a-32P]GTP (Low et al., 1992;
Peter et al., 1993; Huber and Peter, 1994). For GTP overlays, equal
volumes of gradient fractions were resolved by one-dimensional SDS-
PAGE, and proteins were transferred to nitrocellulose. The nitrocellu-
lose replica was preincubated for 30 min at RT in buffer (50 mM Na
phosphate buffer, pH 7.5, 10 mM MgCl2 , 0.3% Tween 20, 2 mM DTT, and
4 mm ATP) and then incubated for 120 min at RT in buffer containing
[a-32P]GTP (1 mCi/ml; specific activity, 3000 Ci/mmol). After washing
(10 times for 3 min each) with ice-cold buffer, nitrocellulose blots were
air-dried and exposed to Amersham Hyperfilm at RT for 2–6 hr. For
competition experiments 1 mm of GTP or 1 mm of GDP was included in
the buffer at each step. For in situ labeling using periodate-oxidized
[a-32P]GTP, equal volumes of gradient fractions were diluted with MBS
and centrifuged at 50,000 rpm for 60 min at 4°C using a TLA 100.3 rotor
in a Beckman TLX centrifuge. Pellets were resuspended in labeling
buffer (in mM: 20 HEPES, pH 7.8, 140 KCl, 10 NaCl, and 2.5 MgCl2).
[a-32P]GTP (specific activity, 3000 Ci/mmol) was added to each sample
at a final concentration of 130 nm and incubated for 30 min at 37°C.
Nucleotides were oxidatively cleaved with 1 mM NaIO4 for 1 min at 37°C.
Condensation products were reduced with 20 mM NaBH3 for 1 min at
37°C. To remove all free GTPoxi nucleotides, cells were treated with 20
mM NaBH4 on ice for 20 min. Samples were diluted by the addition of 2
ml of labeling buffer and centrifuged for 60 min at 50,000 rpm at 4°C
using a TLA 100.3 rotor in a Beckman TLX centrifuge. Samples were
resuspended in 20 mM HEPES, pH 7.8, and proteins were resolved by
one-dimensional SDS-PAGE. Gels were stained with Coomassie blue,
air-dried between two sheets of clear cellulose film (Promega, Madison,
WI), and exposed to Amersham Hyperfilm at RT.

Identification of caveolin-1 from primary cultures of rat astrocytes. A
full-length cDNA for rat astrocyte caveolin was amplified by reverse
transcriptase-PCR from total cellular RNA extracted from primary cul-
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tures of rat astrocytes using TRIzol reagent (Life Technologies). First-
strand cDNAs were generated using the cDNA cycle kit (Invitrogen,
Carlsbad, CA) with oligo-dT as the primer and supplemented with
reverse transcriptase XL (Life Sciences Inc., St. Petersburg, Fl). PCR was
performed according to the manufacturer’s instructions with Pfu (Strat-
agene, La Jolla, CA). Oligonucleotides (sense primer, AGCATGTCT-
GGGGGTAAATACG; antisense primer, CCTCCATCCCTGAAAT-
GTCACT) were chosen to amplify the entire open reading frame of rat
caveolin-1a (GenBank accession number Z46614). Restriction enzyme
digestion of the PCR product using NcoI, HaeIII, and TaqI generated
fragments with the sizes expected for caveolin-1a. The gel-purified PCR
product was cloned using the PCR-Script SK(1) cloning kit (Stratagene).
DNA from a plasmid containing the cDNA was isolated using the Wizard
kit (Promega) and used for sequence analysis and for the preparation of
the probe used for Northern blot analyses. Identity of the cloned frag-
ment was verified by double-stranded sequencing in both directions.
Sequence analysis was performed using an ABI 377 automated se-
quencer (Perkin-Elmer, Norwalk, CT) by the Molecular Biology Core
Facility at the Medical College of Georgia. The rat astrocyte nucleotide
sequence differed from the reported rat caveolin-1a sequence (Genbank
accession number Z46614). The sequence obtained altered the peptide
sequence in six amino acids (amino acids: 120, Ala; 154, Thr; 161, Glu;
162, Ala; 171, Arg; and 176, Lys) but was identical to caveolin 1a
sequenced from human, mouse, chick, and dog at these positions. In
addition, the rat astrocyte sequence obtained had no Gly at nucleotide
position 509, thereby keeping it in the same open reading frame as
reported for the caveolin 1 sequences derived from other species.

Northern blot analysis. Total cellular RNA was extracted from primary
cultures of rat astrocytes and from rat tissues (cerebellum, cortex, and lung)
with TRIzol reagent (Life Technologies) according to the manufacturer’s
instructions. RNA samples (15 mg) were separated on 1.2% GTG agarose
(FMC Bioproducts, Rockland, ME) and 0.66 M formaldehyde gel and
transferred in 103 SSC to GeneScreen membranes (DuPont NEN). Nylon
membranes were prehybridized overnight at 65°C in Church buffer (Church
and Gilbert, 1984) and hybridized with a random-primed, 32P-labeled
cDNA caveolin fragment overnight in the same buffer. The full-length
caveolin probe was generated as described above. After hybridization, the
membrane was washed 4 times with 23 SSC and 0.1% SDS at room
temperature and two times with 0.13 SSC and 0.1%SDS at 65°C for 30 min
each and then exposed to Kodak XAR 5 film.

RESULTS
A monoclonal antibody to caveolin-1 labels astrocytes
and oligodendrocytes
As a first means to determine whether caveolae could be present
in astrocytes, we performed indirect immunofluorescent analyses
on aldehyde-fixed primary cell cultures of neocortical type 1
astrocytes using a commercially available monoclonal antibody
(mAb C060) that recognizes both the a and b isoforms of
caveolin-1. The predominant cell class present (90–95%) in type
1 astrocyte cultures consists of cells of an epithelial-like morphol-
ogy that are labeled by antibodies to glial fibrillary acidic protein
(Cameron and Rakic, 1994). Caveolin immunoreactivity was
distributed throughout the cytoplasm as prominent, intensely
fluorescent puncta, which were particularly concentrated in the
centrosomal region (Fig. 1A). At the plasmalemmal surface,
caveolin immunoreactivity was characterized by small puncta that
were either scattered about individually or that were organized
into prominent ring-shaped clusters (Fig. 1B). We frequently
observed regions on the cell surface where immunoreactivity was
distributed in diffuse patches; these patches were especially evi-
dent at the free edges of cells or at the tips of elongated cell
processes. To determine whether caveolin-1 expression was re-
stricted to type 1 astrocytes or also detectable in other types of
glial cells, aldehyde-fixed cultures of process-bearing astrocytes
and oligodendrocytes were processed for indirect immunolocal-
ization studies. For both process-bearing astrocytes (Fig. 1C) and
oligodendrocytes (Fig. 1D), caveolin immunoreactivity was dis-

persed in abundant levels about the region of the cell body and
along the length of the extended processes.

Thin-section electron microscopy reveals clusters of
caveolae in astrocytes
To determine whether the structures identified by indirect immu-
nofluorescence corresponded to cell surface invaginations and/or
populations of subplasmalemmal vesicles with the morphological
features characteristic of caveolae described in other cell types,
adherent astrocyte monolayers were processed for examination by
thin-section electron microscopy. Flask-shaped invaginations of the
plasma membrane, ;80 nm in diameter, were detected in all cells
examined. Typically, 10 or more caveolae were collected into
clusters, which were observed along both plasmalemmal surfaces.
(Figs. 2A, 3). Caveolae dispersed as singular entities were detected,
but much less frequently. Individual caveolae appeared to be either
in continuity with the plasmalemmal surface, and thus open to the
extracellular space, or positioned just beneath the cell surface as
free vesicles. The clusters of caveolae were observed frequently to
overlay elements of the rough endoplasmic reticulum (Fig. 2A).
Abundant Golgi complexes were dispersed throughout the cell,
and, although some revealed associated cell surface caveolae, most
did not (Fig. 2C). Vesicles that resemble caveolae in appearance
and size were often associated with smooth surface tubules (Fig. 3).
These are most probably vesicular carriers of the exocytic pathway
and likely correspond to the immunoreactive puncta detected
throughout the cytoplasm by indirect immunofluorescent analyses.
Striations on the cytoplasmic face, which are characteristic features
of caveolae (Peters et al., 1985; Rothberg et al., 1992), were not
particularly evident. On occasion, we observed caveolae that ap-
peared stacked beneath the plasma membrane as distinct vesicles
or in figure-eight profiles reminiscent of those contributing to the
transendothelial channels described in capillaries (Figs. 2B, 3A)
(Simionescu et al., 1975).

Detergent-insoluble complexes isolated from
astrocytes are composed of caveolin
To determine whether caveolae detected in astrocytes by immu-
nolabeling and morphological criteria displayed physical and
compositional characteristics similar to those of caveolae isolated
from other cell types, astrocyte monolayers were solubilized in
Triton X-100, and detergent lysates were fractionated by equilib-
rium centrifugation on 5–30% linear sucrose gradients (Sargia-
como et al., 1993). A prominent band that floated to the region of
13–14% sucrose was collected and sedimented, and the polypep-
tides were resolved by one- and two-dimensional SDS-PAGE. We
routinely recovered ;0.5% of the homogenate protein in the
sedimented fraction. The protein profile detected by silver stain-
ing of detergent-insoluble complexes isolated from astrocytes was
similar to that detected for caveolae isolated from lung tissue
(data not shown). One-dimensional immunoblot analyses per-
formed with mAb C060 or the affinity-purified polyclonal anti-
body revealed a single immunoreactive band (Fig. 4A, lanes 1, 2)
with an electrophoretic mobility identical to that of the caveolin-1
a isoform identified in lung (Fig. 4A, lane 3). Immunoblot anal-
ysis of fractions collected across the entire gradient, using mAb
C060 or mAb 2234 (Fig. 4B), or the affinity-purified polyclonal
antibody against caveolin (Fig. 4C) revealed that caveolin immu-
noreactivity peaked in those fractions that corresponded to the
low-density, detergent-insoluble membrane fraction (10–20% su-
crose) and accounted for ;90% of the total cell-associated caveo-
lin. On occasion, we have observed a second band that resolves at
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18–20% sucrose. Although immunoblot analyses indicated that
caveolin was also a prominent component of this second band,
Coomassie blue-stained two-dimensional electrophoretograms
revealed that the polypeptide spectrum was considerably more
complex than that obtained for the lighter band (data not shown).

Detergent-insoluble complexes comprise vesicles of
heterogeneous size
To examine in detail the morphology of the detergent-insoluble
complexes, the band that floated to the region of 13–14% sucrose
was collected, sedimented, and processed for transmission elec-
tron microscopic analysis. These studies revealed that the isolated
fraction comprised a heterogeneous population of vesicles rang-
ing from 0.05–1.5 mm in diameter (Fig. 5). Although many of the
isolated vesicles approximate the size of individual caveolae in
situ, many are considerably larger.

Isolation of a caveolin-enriched fraction from
astrocytes in the absence of detergent
Historically the isolation of caveolae has taken advantage of the
insolubility of caveolae microdomains in nonionic detergents such
as Triton X-100. However, the demonstration that the inclusion of
detergent resulted in the loss or the redistribution of some
caveolae-associated proteins led to the development of detergent-

free fractionation schemes for the isolation of caveolae (Smart et
al., 1995a; Song et al., 1996a). Accordingly, we determined
whether astroglial cell caveolin-containing fractions isolated in
the absence of nonionic detergent displayed a similar buoyant
density as that determined for caveolae isolated from human
fibroblasts and MDCK cells. To this end, we followed the distri-
bution of caveolin subsequent to the fractionation of disrupted
plasma membranes by velocity centrifugation in Optiprep (Smart
et al., 1995a). The distribution of caveolin was determined by
immunoblotting with mAb 2234 or the affinity-purified polyclonal
antibody. In the first Optiprep gradient, caveolin was detected in
every fraction, with the peak activity being localized to fractions
10 and 11 (Fig. 6A). Fractions 1–6, 6–11, and 12–16 collected
from the first gradient were combined into three separate pools.
Centrifugation of each pool on a second discontinuous Optiprep
gradient yielded a single fraction of caveolin (Fig. 6B).

As a second means of analysis, we determined the distribution
of caveolin after fractionation of astrocytes that had been dis-
rupted in the presence of sodium carbonate instead of Triton
X-100 (Song et al., 1996a). After centrifugation in a discontinu-
ous sucrose gradient, caveolin was detected, for the most part, at
the 5/35% sucrose interface (Fig. 6C). In both cases, the distri-
bution of caveolin-enriched fractions isolated from astrocytes was

Figure 1. Indirect immunofluorescent localization of caveolin-1 in primary cultures of glial cells using mAb C060. A, B, The staining pattern in type
1 astrocytes is characterized by intensely fluorescent puncta that are scattered throughout the cytoplasm, particularly in the perinuclear region (arrows
in A) as well as at the cell surface. At the plasma membrane, immunoreactivity is frequently organized into ring-shaped clusters (arrows in B) and is
present at elevated levels at the leading or free edges of cells. C, D, Process-bearing astrocytes (C) and oligodendrocytes ( D) show a prominent level
of immunoreactivity at the region of the cell body. Cytoplasmic processes are decorated by fine puncta with an accumulation observed at the tips (arrows
in C, D). N, Nucleus. Scale bars: A, 10 mm; B, 6 mm; C, 10 mm; D, 10 mm.
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Figure 2. Localization of caveolae in type 1 astrocytes by electron microscopy. A, Large clusters of caveolae are distributed along the plasma membrane.
Individual caveolae display a characteristic flask-shaped profile of ;80 nm and are either open to the extracellular milieu (o) or are present as free
vesicles beneath the plasma membrane (c). Frequently, the clusters of caveolae aligned along the plasma membrane appear to overlay elements of the
rough endoplasmic reticulum. B, Occasionally, caveolae are detected in stacks located beneath the plasma membrane or display a figure-eight profile (*).
C, The Golgi complex, although detected in abundance throughout the cell, are not typically associated with caveolae at the cell surface. ER, Endoplasmic
reticulum; G1, G2, G3, G4, Golgi complex; M, M1, M2, mitochondria; SER, smooth surface tubules; o, caveolae in continuity with the plasma membrane;
c, caveolae present as free vesicles beneath the cell surface. Scale bars: A, 60 nm; B, 45 nm; C, 90 nm.
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identical to that demonstrated previously for caveolae isolated in
the absence of detergent from human fibroblasts and MDCK cells
(Smart et al., 1995a; Song et al., 1996a).

Detergent-insoluble complexes from astrocytes
display compositional similarities to caveolae
characterized in cells of peripheral tissues
The subcellular fractionation studies demonstrate that the
detergent-insoluble complexes obtained from astrocytes display
biophysical and morphological characteristics analogous to those
determined for caveolae/caveolin fractions isolated from other
tissues and cell types. However, compositional analyses of endo-
thelial caveolae obtained by immunoisolation indicate that
detergent-insoluble complexes are likely contaminated by pro-
teins derived from adjoining plasma membrane proper (Stan et
al., 1997). Furthermore, immunolocalization studies (Fig. 1) re-
veal that caveolin is distributed through multiple subcellular
compartments in astrocytes. Because most of the astrocyte-
associated caveolin resolves to a single fraction (13–14% sucrose),
the component composition of the detergent-insoluble fraction is
likely of mixed origin. In consideration of these concerns, we
performed only limited studies to identify compositional similar-
ities between the detergent-insoluble fraction obtained from as-
trocytes to those derived from cells of peripheral tissues (Chang

et al., 1994; Lisanti et al., 1994a,b). One-dimensional immunoblot
analysis of fractions collected across a detergent gradient revealed
an enrichment of FYN kinase, a member of the Src family of
nonreceptor protein tyrosine kinases, in the caveolin-containing
fractions (Fig. 7A). [ 32P]GTP binding overlays of polypeptides
resolved by one-dimensional SDS-PAGE for fractions collected
across a detergent gradient detected multiple small GTP-binding
proteins with mobilities corresponding to apparent molecular
masses ranging from 22 to 31 kDa (Fig. 7B). The binding of
[ 32P]GTP was abolished by the presence of excess cold GTP or
GDP but not ATP (data not shown). The spectrum of labeled
proteins identified revealed a preferential enrichment in the
caveolin-enriched fractions of several small GTP-binding proteins
(Fig. 7B). To evaluate high molecular weight GTP-binding pro-
teins typically not identified by [ 32P]GTP binding overlays, we
performed in situ labeling of gradient fraction polypeptides using
periodate-oxidized [a-32P]GTP (Fig. 7C). The spectrum of
polypeptides labeled by in situ periodate-oxidized GTP displayed
apparent molecular masses ranging from 22 to .100 kDa (Fig.
7C). Although most of the labeled polypeptides remained in the
load fractions, in situ labeling identified several GTP-binding
proteins of apparent high molecular weight, in addition to those
low molecular weight components also detected by GTP overlays,

Figure 3. Caveolae localize to both cell surfaces in type 1 astrocytes. Coupled with Figure 2A (indicated by matching mitochondria M1 and M2), this
electron micrograph reveals the great extent to which caveolae occupy both plasmalemmal surfaces. At either plasmalemmal surface, individual caveolae
are either opened ( o) or closed ( c) to the extracellular environment. Stacks of caveolae often show figure-eight profiles (*). Intracellularly, vesicles that
resemble caveolae in size and appearance are frequently observed in association with smooth surface tubules (arrows). These are most probably vesicular
carriers of the exocytic pathway and likely correspond to the fluorescent puncta that are revealed throughout the cytoplasm by indirect immunofluo-
rescence. M1, M2, Mitochondria that represent the position of overlap with Figure 2 A; SER, smooth surface tubules; o, caveolae in continuity with the
plasma membrane; c, caveolae present as free vesicles beneath the cell surface. Scale bar, 60 nm.
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that enriched in the caveolin-containing fractions. However, to
date, we have not performed analyses to determine the identity of
these subsets of GTP-binding proteins.

Identification of caveolin-1 mRNA in astrocytes

To verify that the immunoreactive polypeptide identified by our
immunolocalization and immunoblot analyses was caveolin-1,
rather than a polypeptide with a shared epitope, a cDNA for rat
astrocyte caveolin was cloned by reverse transcriptase-PCR am-
plification from total cellular RNA extracted from primary cul-
tures of rat astrocytes using oligonucleotide primers that spanned
the open reading frame of rat caveolin-1a (GenBank accession
number Z46614).

The full-length caveolin-1 fragment was purified and used as a
probe for all Northern blot analyses of total cellular RNA. These
analyses revealed that caveolin-1 mRNA was present in primary
cultures of astrocytes as a 2.5 kb mRNA species that specifically
hybridized at high stringency with the full-length caveolin-1
probe (Fig. 8A, lane 1). As described previously, the caveolin-1
message was detected as a prominent ;2.5 kb species in lung (Fig.
8A, lane 4). Interestingly, the level of mRNA expression observed
in astrocytes was only slightly reduced in comparison to that
determined for lung, a tissue that displays a high concentration of
caveolae.

Levels of caveolin-1 message in brain correlate to
periods of development
Northern blot analysis of total RNA prepared from cerebellum
and cortex of adult rat brain revealed a single band, the size of
which correlated to the size of message determined for
caveolin-1. However, the level of message was significantly re-
duced in comparison to that detected for astrocytes (Fig. 8A,
compare lanes 2, 3 with lane 1). Accordingly, we performed
studies to determine possible rationales for the low level of
caveolin-1 message detected in brain in comparison to that ob-
served in astrocytes.

To evaluate the possibility that the level of caveolin-1 message
detected in astrocytes correlated with culture time, total RNA
was extracted from primary astrocyte cultures that were main-
tained in vitro for 2, 4, 8, 11, 15, and 18 d and processed for
Northern blot analysis. The level of caveolin-1 message detected
at days 2 and 4 was slightly reduced in comparison to that
detected at later days in vitro, although a relatively equivalent
level was detected from days 8–18 (Fig. 8B). The reduced level of
message observed for cell cultures at 2 and 4 d in vitro is likely a
consequence of the heterogeneous population of mixed astro-
cytes and neurons at early time points after initial cell dissocia-
tion and plating. At later periods, the heterogeneous mixture of
cells present initially are refined to a composition of principally
type 1 astrocytes. Thus, the level of caveolin-1 message in astro-
cytes maintained in culture does not appear to be induced as a
consequence of the culture conditions used, nor, evidently, is the
level of caveolin expression modulated by the presence or absence
of neurons.

To verify the apparent absence of caveolin-1 in neurons, we
performed comparative Northern blot analyses using RNA iso-
lated from primary cultures composed of a homogeneous popu-
lation of hippocampal neurons prepared from embryonic day 18
hippocampi. Consistent with previous analyses of neuronal
plasma membranes (Wu et al., 1997), caveolin-1 message was
detected at a negligible level (Fig. 8C, lane 2). The level of
caveolin-1 detected probably reflects a contribution of caveolin-1
by the small number of astrocytes that contaminate the hip-
pocampal neuronal cell preparation.

To determine whether the level of message detected in brain
varied according to the period of development, we performed
Northern blot analyses using total cellular RNA extracted from
cerebral cortex and cerebellum at multiple developmental ages.
The data reveal that the level of caveolin-1 message peaked in
both the cerebral cortex (Fig. 8D) and the cerebellum (Fig. 8E)
during late periods of development: postnatal day 12 in the
cerebral cortex and postnatal day 8 for the cerebellum. However,
analyses of equivalent loads of RNA (Fig. 8G,H,I) reveal that the
level of caveolin-1 message detected for all ages of cerebral cortex
or cerebellum was reduced in comparison to that determined for
astrocytes (Fig. 8, compare D,E with F).

Multiple forms of caveolin are detected by affinity-
purified polyclonal antibodies
To determine whether multiple forms of caveolin were present in
astrocytes, we performed two-dimensional immunoblot studies of
detergent-insoluble complexes isolated from astrocytes using an
affinity-purified polyclonal antibody and monoclonal antibody
2234. The antigen profile detected by the polyclonal antibody
revealed a cluster of four to six distinct polypeptides with appar-
ent molecular masses between 22 and 31 kDa and isoelectric
points centered at ;6.0 (Fig. 9A). In contrast, monoclonal anti-

Figure 4. Isolation of caveolin-enriched, detergent-insoluble microdo-
mains from type 1 astrocytes. Detergent-insoluble complexes were iso-
lated from type 1 astrocytes and from lung tissue as described in Materials
and Methods. A, Equal amounts of protein (20 mg/ lane) were separated
by SDS-PAGE and processed for immunoblot analysis using anti-caveolin
mAb C060. In type 1 astrocytes, only the a isoform of caveolin-1 is
detected (lanes 1, 2 represent two separate astrocyte preparations). In
complexes isolated from lung, both the a and b isoforms of caveolin-1 are
detected (lane 3). B, C, Equal volumes of fractions collected across the
gradient were resolved by SDS-PAGE and processed for immunoblot
analyses using anti-caveolin mAb 2234 or anti-caveolin affinity-purified
polyclonal antibody. The mAb 2234 recognizes a single faint band, pre-
dominantly located in fraction 5 (B; only 7 of the 11 fractions are shown),
whereas the polyclonal antibody recognizes a single band that, although
peaks in fraction 5, is detected in multiple fractions ( C). Molecular
mass 3 10 23 is indicated vertically; fraction number is indicated
horizontally.
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body 2234 detected two species that showed near similar apparent
molecular weights and isoelectric points (Fig. 9B). To assess the
possibility that the multiple components identified by the poly-
clonal antibodies were specific to astrocytes, we performed two-
dimensional immunoblot analyses of detergent-insoluble com-
plexes isolated from MDCK cells and lung tissue. The spectrum
of polypeptides identified by the polyclonal antibody for MDCK
cells and lung tissue was quantitatively similar to that detected in
astrocytes, although minor qualitative differences were noted
(Fig. 9, compare A with C,E). Similar to the antigen spectrum
detected in astrocytes, mAb 2234 recognized a more simplified
polypeptide profile, which ranged from a single species in the
caveolae fraction obtained from MDCK cells (Fig. 9D) to two
species in the caveolae fraction obtained from lung tissue (Fig.
9F). For all three cell types, the polypeptide profile revealed by
mAb 2234 represented a subset of the polypeptides detected by
the affinity-purified polyclonal antibody.

Different forms of caveolin in astrocytes can be
separated by cell fractionation
The two-dimensional immunoblot analyses performed using the
polyclonal antibody on detergent-insoluble complexes isolated
from astrocytes revealed a complex antigen profile. Several lines
of evidence suggest that caveolin-containing microdomains oper-
ate in multiple intracellular transport events (Dupree et al., 1993;
Zurzolo et al., 1994; Smart et al., 1996). Therefore, we sought to
determine whether any of the different forms of caveolin identi-
fied by the polyclonal antibody could be localized to different
intracellular compartments or different subdomains of the plasma
membrane. As a first approach, caveolin-containing fractions
were isolated in the absence of detergent from isolated plasma
membranes of astrocytes (Smart et al., 1995a). Polypeptides were
separated by two-dimensional SDS-PAGE and processed for im-
munoblotting with the polyclonal antibody. The spectrum of

caveolin forms detected varied according to the fraction analyzed.
The antigen profile detected in the postnuclear supernatant frac-
tion is reduced in complexity in comparison to that observed for
the total cell (Fig. 10A) and reveals four species with apparent
molecular masses ranging from 21 to 25 kDa and isoelectric
points from ;5.5 to 6.5 (Fig. 10B). In the plasma membrane
fraction, the two components identified represent a subset of
those identified in the postnuclear supernatant (Fig. 10C), and the
polypeptides identified appear similar to those detected by the
monoclonal antibody (Fig. 9B). When the plasma membrane
fraction was sonicated and subfractionated on a linear Optiprep
gradient, caveolin was detected in most of the fractions collected
across the gradient (Fig. 6A). To determine whether different
caveolin forms localized to distinct densities, fractions 1–6, 7–11,
and 12–16 were pooled separately and concentrated into a single
caveolin-containing band by a second discontinuous Optiprep
gradient, and polypeptides were processed for immunoblot stud-
ies. The components identified in pooled fractions 7–11 (Fig.
10E) possess isoelectric points and apparent molecular masses
identical to those detected in the plasma membrane fraction,
whereas the caveolin band obtained from fractions 1–6 (Fig. 10D)
and that obtained for fractions 12–16 (Fig. 10F) appear to repre-
sent a subset of the polypeptides identified in the plasma mem-
brane. These data suggest that the caveolae isolated from the
plasma membrane may be composed of a subset of the caveolin
species present in the cell. Additionally, the separation of caveo-
lin species that accompanies subfractionation of the astrocyte
plasma membrane raises the possibility that not all caveolae in the
plasma membrane are equivalent.

Affinity-purified polyclonal antibodies identify a distinct
immunolabeling pattern
The complexity of the profile determined by two-dimensional
immunoblot analyses using the affinity-purified polyclonal anti-

Figure 5. Electron micrograph of the fraction containing detergent-insoluble complexes. The band of detergent-insoluble complexes that floated to the
region of 13–14% sucrose was collected and processed for transmission electron microscopic analysis as described in Materials and Methods. The isolated
fraction comprises a heterogeneous population of vesicles ranging from 0.05 to 1.5 mm in diameter. Scale bar, 1 mm.
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bodies against caveolin suggests that additional caveolin forms are
present within astrocytes and, furthermore, that they may be
localized to different subcellular compartments. To evaluate this
possibility morphologically, we performed indirect immunofluo-
rescent studies on aldehyde-fixed primary cell cultures of type 1
astrocytes using the affinity-purified polyclonal antibody against
caveolin. Caveolin immunoreactivity was dispersed throughout
the cytoplasm and at the cell surface in a punctate pattern.
Interestingly, the immunoreactivity localized to the cytoplasm
was not distributed randomly, but instead appeared to be orga-
nized into linear arrays that extended from the perinuclear area
toward the peripheral cytoplasm (Fig. 11A,B). Additionally, the
immunoreactivity detected in the centrosomal region displayed a
web-like organization (Fig. 11C), in contrast to the vesicular
pattern of immunoreactivity demonstrated by mAb C060 (Fig.
1A). Although the morphology of this network was best pre-
served when astrocytes were permeabilized with saponin, it was

also observed for cells permeabilized with Triton X-100 or fixed
and permeablized with methanol (data not shown).

Polyclonal antibodies detect caveolin forms in
brain tissue
In accordance with previous studies (Olive et al., 1995), we have
not observed caveolin in immunoblots of detergent-insoluble
complexes isolated from adult cerebral cortex and adult cerebel-
lum using mAb C060 or mAb 2234. Immunoblots of fractions
collected across detergent gradients demonstrated only high mo-
lecular weight components that remained in the load fraction
(data not shown). Although these high molecular weight compo-
nents may reflect caveolin oligomers (Sargiacomo et al., 1995), we
have been unable to dissociate them into monomers. In contrast,

Figure 6. Isolation of a caveolin-enriched fraction from type 1 astrocytes
in the absence of detergent. A, B, Plasma membranes were purified from
type 1 astrocytes on a Percoll gradient, sonicated, and loaded at the
bottom of an Optiprep gradient as described in Materials and Methods.
One-milliliter fractions were collected across the gradient, and fractions
1–6, 7–11, and 12–16 were pooled and subjected to a second Optiprep
gradient. Equal volumes of gradient fractions collected across the first
linear Optiprep gradient ( A) and the second discontinuous Optiprep
gradient (B) were separated by SDS-PAGE and processed for immuno-
blot analyses using anti-caveolin polyclonal antibody. Caveolin was de-
tected in all fractions distributed across the first Optiprep gradient (A). In
contrast, all of the caveolin was detected in a single gradient fraction in
the second Optiprep gradient (B). C, Type 1 astrocytes were subjected to
subcellular fractionation after homogenization in a buffer containing
sodium carbonate as described in Materials and Methods. One-milliliter
fractions were collected across the gradient, and equal volumes were
separated by SDS-PAGE and processed for immunoblot analyses using
anti-caveolin polyclonal antibody. A peak of caveolin immunoreactivity is
detected in fractions 4 and 5, which corresponds to the position in the
gradient where the opaque band was visualized. In all cases, fraction 1
represents the top of the gradient. Molecular mass 3 10 23 is indicated
vertically; fraction number is indicated horizontally.

Figure 7. The nonreceptor tyrosine kinase FYN and several low and
high molecular weight GTP-binding proteins co-fractionate with caveolin-
containing fractions. A, Equal volumes of fractions collected across a
detergent gradient were resolved by SDS-PAGE and processed for im-
munoblot analyses using anti-FYN mAb. An immunoreactive band of 59
kDa is enriched in fraction 5, which corresponds to the peak gradient
fraction of caveolin. B, Equal volumes of fractions collected across a
detergent gradient were fractionated by SDS-PAGE, transferred to nitro-
cellulose, and probed with [ 32P]GTP. Labeled proteins are concentrated
in the 22–31 kDa molecular weight range. Only one set of GTP-bound
proteins appears to co-fractionate with the caveolae fractions (arrow). C,
Equal volumes of fractions collected across a detergent gradient were
labeled in situ using periodate-oxidized [a-32P]GTP, and polypeptides
were separated by SDS-PAGE. In contrast to that observed in the GTP-
overlays, multiple proteins of high apparent molecular weight are labeled.
Although most of the labeled proteins remain in the load fractions, several
high molecular weight proteins co-isolate with the caveolae fractions
(arrows). Molecular mass 3 10 23 is indicated vertically; fraction number
is indicated horizontally.

9528 J. Neurosci., December 15, 1997, 17(24):9520–9535 Cameron et al. • Caveolae in Astroglial Cells



immunoblot analyses of fractions collected across gradients per-
formed with the affinity-purified polyclonal antibody detected
polypeptides of apparent 21–31 kDa in both adult cerebellum
(Fig. 12A) and adult cerebral cortex (Fig. 12B). However, the
fraction of detergent-insoluble complexes resolved in the 18–20%
sucrose range, rather than the 13–14% sucrose range typically
observed after fractionation of cultured cells (Fig. 12A,B). To
determine whether the bands recognized in one-dimensional im-
munoblots corresponded to caveolin, polypeptides from the peak
gradient fractions were separated by two-dimensional SDS-PAGE
and subjected to immunoblot analyses using the affinity-purified
polyclonal antibody. For both the cerebellum and the cerebral
cortex, immunoreactive polypeptides displayed molecular mass
and isoelectric points predicted for caveolin-1 (Fig. 12C,D).

DISCUSSION
One of the basic principles of mammalian brain development is
that its constituent neurons are generated in proliferative zones
that are located at a distance from their resident position in the
adult brain (Sidman and Rakic, 1973). Exiting the mitotic cycle,
postmitotic neurons preferentially recognize and adhere to the
processes of radial glial cells and subsequently initiate an active
cell movement to form mature brain structures. Most studies of
neuronal cell migration have centered largely about the identifi-
cation of the membrane components that mediate the physical

aspects of cell adhesion (Cameron and Rakic, 1994; D’Arcangelo
et al., 1995; Ogawa et al., 1995; Anton et al., 1996; Zheng et al.,
1996; Cameron et al., 1997). Thus, an understanding of the
signaling pathways and substrates that modulate migration has
begun to emerge only recently (e.g., Komuro and Rakic, 1992,
1993; Hunter and Hatten, 1995; Patil et al., 1995; Kofuji et al.,
1996; Marret et al., 1996). Several lines of evidence reveal that
caveolae isolated from cells of non-neural tissues are composed of
lipid and protein components that function in cell-signaling
events (Lisanti et al., 1994b). Among the spectrum of cell-
signaling components identified within isolated caveolae are
glycophosphatidylinositol-anchored proteins. Importantly, multi-
ple classes of cell adhesion proteins that function in the assembly
of neural tissue during development have glycophosphatidylinosi-
tol anchors, e.g., F3 (Gennarini et al., 1989); LAMP (Pimenta et
al., 1995); NCAM-120 (Hemperly et al., 1986); and TAG1 (Furley
et al., 1990). To begin to evaluate the possibility that caveolae or
caveolae-like microdomains could provide for a cell-signaling
mechanism operative during brain development, we initiated
studies to identify known and/or novel caveolin forms in
astrocytes.

Previous studies of detergent-insoluble microdomains isolated
from neurons, neuroblastoma cells, and multiple brain regions
have not detected caveolin protein or message (Lisanti et al.,

Figure 8. Northern blot analyses using a full-length caveolin-1 probe. Total cellular RNA was obtained as described in Materials and Methods, and
15 mg samples from cells and tissues as indicated were separated on agarose–formaldehyde gels, transferred to nylon, and hybridized with a
random-primed, 32P-labeled mRNA fragment for caveolin-1. Equal RNA loads were verified for all Northern analyses by ethidium bromide staining. A,
A prominent band of ;2.5 kb is detected in total RNA isolated from type 1 astrocytes (lane 1). The quantity and size of the message observed in
astrocytes is identical to that detected in total RNA isolated from lung (lane 4 ). A band of identical size was detected in total RNA isolated from
cerebellum (lane 2) and cerebral cortex (lane 3), although at significantly reduced levels. B, Astrocytes were maintained in culture from 0 to 18 d in vitro,
and total cellular RNA was isolated for each time point. The level of message detected is slightly reduced for astrocytes maintained from 2 to 4 d in vitro
but thereafter remains constant. C, Total cellular RNA was obtained from primary cultures of astrocytes and from a homogeneous population of primary
hippocampal neurons. The level of caveolin-1 message detected in hippocampal neurons (lane 2) is negligible in comparison to that determined for
astrocytes (lane 1). D–F, Total cellular RNA was obtained at multiple developmental ages from cerebral cortex [embryonic day (E14 ) 14 to adult] and
from cerebellum (newborn to adult). The peak level of caveolin-1 message is detected at postnatal day 12 (P12) for cerebral cortex ( D) and at postnatal
day 8 for cerebellum (E). The size of the message, ;2.5 kb, is identical to that detected in total cellular RNA obtained from astrocytes (F; lanes 1, 2
represent independent astrocyte preparations). However, the level of caveolin-1 message observed is significantly reduced in brain tissues in comparison
to that observed for quantitatively identical levels of RNA obtained from astrocytes. G–I, Corresponding ethidium bromide staining of the agarose–
formaldehyde gel for which 15 mg samples of total cellular RNA obtained from cerebral cortex, cerebellum, and astrocytes were separated and processed
for the Northern blot analyses shown in D–F.
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1994a,b; Shyng et al., 1994; Gorodinsky and Harris, 1995; Olive et
al., 1995; Bouillot et al., 1996; Scherer et al., 1996; Song et al.,
1996b; Wu et al., 1997). Because caveolin appears to form the
structural and functional basis of caveolae (Koleske et al., 1995;
Scherer et al., 1995, 1996), the extent to which the detergent-
insoluble complexes isolated from brain represented a counter-
part to the caveolae microdomains described for other tissues and
cell types was unclear. Because our detection of caveolae and
caveolin in astrocytes was not consistent with these previous
findings, we performed extensive comparative characterization
analyses (1) to demonstrate by indirect immunofluoresence and

thin-section electron microscopy a caveolae compartment in as-
trocytes; (2) to verify the immunofluorescence and immunoblot-
ting analyses by cloning a cDNA for rat astrocyte caveolin; (3) to
show that the caveolin in astrocytes fractionates with a membrane
compartment that displays buoyant density properties analogous
to those determined previously for cell types in peripheral tissues,
regardless of the fractionation procedure used: Triton X-100
solubilization, sodium carbonate solubilization, and Optiprep
gradient fractionation; (4) to determine that caveolin-containing
fractions isolated from astrocytes display compositional similari-
ties with caveolae obtained from cells of peripheral tissues; and

Figure 9. Affinity-purified anti-caveolin polyclonal antibody and anti-caveolin mAb 2234 recognize different spectrums of polypeptides by two-
dimensional immunoblot analyses. Detergent-insoluble complexes isolated from type 1 astrocytes, MDCK cells, and lung tissue were separated by
two-dimensional SDS-PAGE and processed for immunoblot analyses using either affinity-purified anti-caveolin polyclonal antibody (A, C, E) or
anti-caveolin mAb 2234 (B, D, F ). A complex antigen profile of apparent molecular mass between 22 and 31 kDa and isoelectric points ranging from pH
;5 to 6.5 is detected by the polyclonal antibody in astrocytes (A), MDCK cells (C), and lung (E). A simplified antigen profile of apparent molecular
mass between 22 and 31 kDa and of isoelectric points ranging from pH ;5.5 to 6 is detected by mAb 2234 in astrocytes ( B), MDCK cells ( D), and lung
(F). Molecular mass 3 10 23 is indicated vertically; pH values are indicated horizontally.
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(5) to identify caveolin-related proteins in brain, although they
are detected only by a commercially available affinity-purified
polyclonal antibody but not by available monoclonal antibodies
2234 or C060. Taken together, our analyses support the interpre-
tation that a caveolae–caveolin 1 compartment is present in
astrocytes and brain and that they resemble caveolae identified in
cells of peripheral tissues.

Distribution and possible function of caveolae
in astrocytes
In cells of peripheral tissues, caveolin vesicles have been impli-
cated in multiple pathways, including those involved in biosyn-
thetic transport functions, endocytosis, and transcytosis (Dupree
et al., 1993; Palade and Bruns, 1968; Smart et al., 1996). Multiple
studies reveal that caveolae undergo regulated internalization
and recycling (Parton et al., 1994; Smart et al., 1995b), and they
appear to have the transport machinery necessary for budding,
docking, and fusion (Schnitzer et al., 1995a,b).

In astrocytes, caveolin immunoreactivity is detected at the cell
surface and in association with multiple intracellular vesicles. The
distribution of cytoplasmic immunoreactivity reflects a pattern
consistent with that for biosynthetic transport vesicles. Vesicles

appear positioned in linear arrays that extend from the perinu-
clear region toward the peripheral plasma membrane, although
future studies will be necessary to determine whether these arrays
are dependent on microtubules, actin filaments, or both. At the
astrocyte cell surface, caveolin immunoreactivity is organized
into prominent ring-shaped clusters that are interspersed among
individual immunoreactive puncta. This distribution of immuno-
reactivity correlates to the distribution of caveolae identified by
electron microscopic studies. Caveolae are typically organized
into clusters composed of 10 or more individual components that
appear to overlay elements of the rough endoplasmic reticulum
but not the Golgi complex. Although this apparent association is
consistent with a role for caveolin in shuttling cholesterol be-
tween the endoplasmic reticulum and the plasma membrane
(Smart et al., 1996), a role for caveolin in protein sorting in the
trans-Golgi network has also been demonstrated (Dupree et al.,
1993; Simons and Ikonen, 1997). Thus, future studies will be
necessary to evaluate the possibility that these clusters reflect
preferential zones of caveolae function or preferential sites for
the integration of exocytic transport vesicles into the plasma
membrane. Finally, clusters of caveolae are detected at both cell

Figure 10. Different forms of caveolin are resolved by fractionation on Optiprep density gradients. Selected fractions were separated by two-dimensional
SDS-PAGE and processed for immunoblot analyses using the anti-caveolin polyclonal antibody. Antigenic polypeptides detected in all fractions
fractionate between 22 and 31 kDa. A, The most complex pattern of caveolin forms is observed in detergent-insoluble complexes isolated from the total
cell homogenate. B, C, The complexity of the polypeptide pattern detected in the postnuclear supernatant ( B) is simplified in comparison to that revealed
by the homogenate, of which a subset is observed in the plasma membrane fraction ( C). D–F, The plasma membrane fraction was sonicated and loaded
at the bottom of a linear Optiprep gradient. One-milliliter fractions were collected across the gradient, and fractions 1–6, 7–11, and 12–16 were combined
to form three separate pools. Each of the three pools was subjected to a second discontinuous Optiprep gradient. In each case, a single band that
corresponded to the caveolin-enriched fraction was collected and processed for two-dimensional immunoblots. The spectrum of polypeptides observed
for combined fractions 7–11 (E) is most similar to the spectrum of polypeptides detected in the plasma membrane fraction (C). The polypeptide profile
detected for combined fractions 1–6 ( D) and combined fractions 12–16 ( F) appear to represent a subset of the plasma membrane ( C). Molecular mass 3
10 23 is indicated vertically; pH values are indicated horizontally.
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surfaces, and the caveolae located adjacent to the plasmalemmal
surface often display a figure-eight profile, a profile that is rem-
iniscent of those demonstrated in capillary endothelium (Palade,
1953; Palade and Bruns, 1968; Simionescu et al., 1975). Thus,
caveolae in astrocytes may prove to participate in transcellular
transport functions as demonstrated for endothelial cells (Ghi-
tescu et al., 1986; Milici et al., 1987).

Do multiple forms of caveolin exist in astrocytes?
Two-dimensional immunoblotting analyses performed with
affinity-purified anti-caveolin polyclonal antibodies suggest that
multiple caveolin species are expressed in astrocytes. These spe-
cies may comprise known or novel forms of caveolin (caveolin-
related proteins) and/or may represent posttranslational modifi-
cations of caveolin-1. Recent work has shown the existence of a
multigene family of caveolin-related proteins that share general
similarities in structure and function but differ in specific prop-
erties and tissue distribution. At present, we have not evaluated
critically the distribution of caveolin-2 or caveolin-3 message in
astrocytes or in brain, nor have we performed studies of potential
posttranslational modification of caveolin-1, e.g., phosphoryla-
tion. Interestingly, the complex pattern of caveolin species de-
tected in astrocytes can be separated on the basis of density into
pools comprising individual components, thereby suggesting that
different forms of caveolin may distribute to different subcellular
compartments. In agreement with this possibility, immunolocal-
ization studies of the inositol triphosphate receptor and the
plasma membrane Ca21 ATPase have suggested the existence of
at least two populations of caveolae in the plasma membrane
(Fujimoto et al., 1992; Fujimoto, 1993). Furthermore, immuno-
localization studies demonstrate that the a and b isoforms of
caveolin-1 are localized differentially within stably transfected

Fischer rat thyroid cells (Scherer et al., 1995), and that caveolin-1
and caveolin-3 localize to distinct compartments in muscle cells
(Parton et al., 1997).

Caveolin in brain tissue
In light of the negligible levels of message detected in primary
cultures of hippocampal neurons as well as the absence of detect-
able antigens by immunoblotting, the caveolin-1 signal detected
by Northern blot analysis in brain is probably attributable to that
expressed by astrocytes, oligodendrocytes, and likely microglia.
However, although the absence of detectable caveolin-1 message
and protein in neurons is consistent with previous studies of
detergent-insoluble complexes isolated from neurons, the possi-
bility that select subpopulations of neurons within the brain may
express significant levels of caveolin-1 cannot be ruled out by our
analyses. Additionally, the Northern blot analyses suggest that
caveolin-1 expression may correlate to events in late development
and then subsequently be downregulated or potentially ex-
changed for a different caveolin form in the adult. Accordingly, in
consideration of the demonstrated distribution of caveolin-1 ex-
pression in motile processes of cells in peripheral tissues, analyses
of neuronal growth cones merits attention. Precedence for a
temporal and spatial regulation of caveolin forms has been dem-
onstrated recently during muscle development (Parton et al.,
1997). Caveolin-1 is not detected in mature muscle cells, yet
undifferentiated myoblasts express significant quantities of
caveolin-1, and although caveolin-3 is a component of the devel-
oping T-tubule system, in mature muscle cells it shifts localization
to the sarcolemma. Future studies will be necessary to determine
whether caveolin forms in developing neural tissue are regulated
in an analogous manner. Furthermore, the apparent absence of
detectable caveolin-1 at embryonic time points in both the cere-

Figure 11. Indirect immunofluorescent localization of caveolin in primary cultures of type 1 astrocytes using affinity-purified anti-caveolin polyclonal
antibodies. Primary cultures of type 1 astrocytes were fixed and permeabilized with saponin. A, B, Immunoreactivity is distributed throughout the
cytoplasm in a punctate manner but is particularly evident in the perinuclear region and along linear arrays that extend from the perinuclear region to
the periphery of the cell (arrows in A and B). The linear arrays of caveolin immunoreactivity appear to have a point of origin that circumscribes the
nucleus (asterisked arrows in B). C, In the perinuclear region, caveolin immunoreactivity is organized about the nucleus in a network or web-like manner
(arrows in C). N, Nucleus. Scale bars: A, 6 mm; B, 5 mm; C, 7 mm.
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bral cortex and the cerebellum may not reflect the absence of
caveolae but instead may point to the presence of unknown or
embryonic forms of caveolin. However, at present, available anti-
caveolin antibodies have not proved useful for pursuing immu-
nolocalization studies during brain development.

The initial morphological and biochemical characterizations of
detergent-insoluble complexes in type 1 astrocytes suggest that
they are analogous to the caveolae compartment characterized in
other tissues and cell lines. At present, however, the functional
significance of a cell surface caveolae compartment in astrocytes
remains unclear. The identification of caveolae-specific proteins
and the development of dynamic assays will be necessary to
identify potential functions for caveolae in astrocytes and as well
as during brain development.
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