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Abstract

Caveolae, a specialized form of lipid rafts, are cholesterol- and sphingolipid-rich membrane microdomains implicated in

potocytosis, endocytosis, transcytosis, and as platforms for signal transduction. One of the major constituents of caveolae are three highly

homologous caveolin isoforms (caveolin-1, caveolin-2, and caveolin-3). The present study expands the analysis of caveolin isoform

expression in C6 glioma cells. Three complementary approaches were used to assess their differential expression during the dibutyryl-cyclic

AMP-induced differentiation of C6 cells into an astrocyte-like phenotype. Immunoblotting, conventional RT-PCR, and real-time RT-PCR

analysis established the expression of the caveolin-3 isoform in C6 cells, in addition to caveolin-1 and caveolin-2. Similar to the other

isoforms, caveolin-3 was associated with light-density, detergent-insoluble caveolae membrane fractions obtained using sucrose-density

gradient centrifugation. The three caveolin isoforms display different temporal patterns of mRNA/protein expression during the differentia-

tion of C6 cells. Western blot and real-time RT-PCR analysis demonstrate that caveolin-1 and caveolin-2 are up-regulated during the late

stages of the differentiation of C6 cells. Meanwhile, caveolin-3 is gradually down-regulated during the differentiation process. Indirect

immunofluorescence analysis via laser-scanning confocal microscopy reveals that the three caveolin isoforms display similar subcellular

distribution patterns. In addition, co-localization of caveolin-1/caveolin-2 and caveolin-1/caveolin-3 was detected in both C6 glioma

phenotypes. The findings reveal a differential temporal pattern of caveolin gene expression during phenotypic differentiation of C6 glioma

cells, with potential implications to developmental and degenerative events in the brain.
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1. Introduction

Originally referred to as plasmalemmal vesicles, caveo-

lae (CAV) are typically defined as flask-shaped, non-

clathrin-coated invaginations of the plasma membrane

(Bruns and Palade, 1968a,b; Palade, 1961). Based on their

chemical composition (sphingolipid- and cholesterol-rich)

and biophysical properties (resistance to solubilization at

low temperatures by non-ionic detergents and light buoyant

density), CAV have been referred to as specialized lipid rafts

(Helms and Zurzolo, 2004; Simons and Toomre, 2000).

These specialized CAV membrane microdomains have

proven and emerging physiological and pathophysiological

roles (Cohen et al., 2004; Engelman et al., 1998; Hnasko and

Lisanti, 2003; Nichols, 2003; Quest et al., 2004; Razani and

Lisanti, 2001; Razani et al., 2001; Shatz and Liscovitch,

2004). In this context, CAV plays a role in clathrin-

independent endocytosis and transcytosis (Conner and

Schmid, 2003; Nichols, 2003), potocytosis (Mineo and

Anderson, 2001), signal transduction (Chini and Parenti,

2004; Cohen et al., 2004; Okamoto et al., 1998),

internalization of specific-pathogens and toxins (Lakada-

myali et al., 2004; Nichols, 2003; Pietiainen et al., 2004;

Rohde et al., 2003), tumor suppression (Lisanti et al.,

1995a,b; Razani et al., 2000, 2001), certain forms of

muscular dystrophy (Bushby, 1999; Galbiati et al., 2001;

Nishino and Ozawa, 2002; Razani et al., 2000; Woodman

et al., 2004), diabetes (Cohen et al., 2003), vascular

diseases (Everson and Smart, 2001; Frank et al., 2003),

and Alzheimer’s disease (AD) (Gaudreault et al., 2004;

Hashimoto and Masliah, 2003; Nishiyama et al., 1999).

The physiological importance of CAV is intimately

linked to the functional capabilities of their main constituent

or signature proteins, the caveolins. Studies on the molecular

composition of CAV-identified caveolin, a 21 kDa mem-

brane protein originally described as a primary v-src

tyrosine kinase substrate (Glenney, 1992), as a principal

constituent of CAV (Glenney and Soppet, 1992; Rothberg

et al., 1992). Caveolin 1 (cav1) is the first member of a multi-

gene family, which includes at least two cav1 isoforms

(alpha and beta, 24 and 21 kDa, respectively): caveolin-2

(cav2, 20 kDa) and caveolin-3 (cav3, 18 kDa) (Williams and

Lisanti, 2004). Still though, apparent higher molecular

weight species, probably due to their oligomerization and

protein-interaction properties, have been reported in tissues

like brain (Ikezu et al., 1998). Although CAV/caveolins are

present in most cells, they are most abundant in terminally

differentiated cell types: endothelia, adipocytes, muscle

cells, and type I pneumocytes. In contrast, CAV/caveolins

are reduced or absent in fibroblasts transformed by certain

activated oncogenes (Koleske et al., 1995). Furthermore,

morphologically identifiable CAV are absent from cav1 and

cav3 knock-out mice model systems, supporting the role of

caveolins in the biogenesis of CAV (Cohen et al., 2004;

Hnasko and Lisanti, 2003; Quest et al., 2004; Razani and

Lisanti, 2001). Since caveolin’s original characterization,
the detection of caveolins in the brain had been elusive, but a

series of experimental evidence has clearly established that

brain tissue expresses the three caveolin isoforms (Cameron

et al., 1997; Henke et al., 1996; Ikezu et al., 1998). This has

led to an increased interest and attention to elucidate the

role(s) and function(s) of CAV/caveolins in the nervous

system.

In the case of glia, valuable studies conducted on primary

cell cultures and established glial cell lines have also

demonstrated the expression of the caveolin isoforms,

particularly cav1 and cav2 (Bushby, 1999; Cameron et al.,

2002; Colasanti et al., 1998; Mikol et al., 1999; Silva et al.,

1999). The caveolins in glia are linked to an active subcellular

transport machinery (Megias et al., 2000), and relate to the

original morphological studies that identified plasmalemmal

vesicles in peripheral Schwann cells (Mugnaini et al., 1977),

fibrous astrocytes from cat optic nerve (Massa, 1982), and

mixed cultures of rat fetal glial cells (Massa and Mugnaini,

1985). An important role for the glial compartment in the

regulation of drug transport in the nervous system has been

suggested due to the cellular/subcellular location and

functional expression of P-glycoprotein, an ATP-dependent

membrane-associated efflux transporter, in CAV from rat

astrocytes (Demeule et al., 2000; Ronaldson et al., 2004).

Additional studies support the well-established roles of CAV/

caveolins in signal transduction (Abulrob et al., 2004;

Arvanitis et al., 2004; Colasanti et al., 1998; Ge and Pachter,

2004; Mentlein et al., 2001; Teixeira et al., 1999) and

cholesterol homeostasis (Ito et al., 2002, 2004).

Despite these advances in our knowledge of glial cell

CAV/caveolins, analysis of the regulation of caveolin

expression in these cells has been very limited to date. In

the peripheral nervous system (PNS), Schwann cells (SC)

(as well as a series of SC cell lines) express cav1, and its

levels are down-regulated after axotomy (Mikol et al., 1999).

Meanwhile, a recent study by Zschoecke et al. (2005) reports

region-specific down-regulation of cav1 and cav2 expres-

sion in the brain during the differentiation of primary cell

cultures of astrocytes. In contrast, in brain tissue sections

from authentic AD patients and an established transgenic

mouse model of AD, there is a dramatic up-regulation of

caveolin-3 immunoreactivity in astroglial cells surrounding

senile plaques (Nishiyama et al., 1999). Despite the evidence

for the expression of the cav3 isoform in oligodendrocytes

and astrocytes, and its relevance to the pathophysiology of

Alzheimer’s disease (Nishiyama et al., 1999), no other study

on glial cells to date has reported changes in its pattern of

expression. Along this line, the present study furthers our

analysis and understanding of caveolin mRNA and protein

expression in C6 glioma cells. The study demonstrates that

C6 cells also express the cav3 isoform and provides evidence

for differential patterns of caveolin expression during

the experimentally induced differentiation of C6 into

an astrocyte-like phenotype, including a prominent

down-regulation of the cav3 isoform, parallel to an up-

regulation of cav1 and cav2.
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2. Materials and methods

2.1. Materials

Cell culture, immunoblotting, and cellular fractionation

reagents were obtained from Sigma Chemical Co. (St. Louis,

MO): ethylene-diamine-tetraacetic acid (EDTA), nutrient

mixture F-10 Ham media, antibiotic/antimycotic solution;

HEPES buffer, 1,4-dithiothreithol (DTT), magnesium

chloride (MgCl2), phenyl-methyl-sulfonyl-fluoride (PMSF),

leupeptin, antipain, bestatin, chymostatin, pestatin A,

Sigmacote, Triton X-100, sucrose, bovine serum albumin

(BSA), MES buffer, sodium chloride (NaCl), and urea. Fetal

bovine serum (FBS), Hank’s balance salt solution (HBSS),

phosphate-buffered saline (PBS), and trypsin were obtained

from Invitrogen Life Technologies (Carlsbad, CA). Electro-

phoresis reagents were purchased from Bio-Rad Labora-

tories (Hercules, CA): Coomasie blue, Laemmli sample

buffer, b-mercaptoethanol, methanol, Precision Plus Pro-

teinTM Standards, sodium dodecyl sulfate (SDS), 10� Tris/

glycine/SDS buffer, Tris–HCl buffer (0.5 M, pH 6.8 and

1.5 M, pH 8.8), and PVDF membranes.

The following antibodies were obtained from BD

Biosciences (Lexington, KY): the rabbit anti-caveolin-1

(affinity-purified pAb; directed against caveolin-1 residues

1–97) and the mouse anti-caveolin-1 (mAB, clone 2297); the

mouse anti-caveolin-2 (mAb, directed against the extreme

C-terminus of caveolin-2; clone 65), the mouse anti-

caveolin-3 (mAB, directed against the extreme N-terminus

of caveolin-3; clone 26) and the mouse anti-GFAP

monoclonal antibody mix (cocktail of mAb clones).

Alexa-coupled secondary antibodies were from Molecular

Probes (Eugene, OR).

2.2. Cell cultures

Rat C6 glioma cells (Benda et al., 1968; Pfeiffer et al.,

1970) (Cell Systems, Seattle, WA) were routinely propa-

gated as confluent monolayers grown in tissue culture flasks

(T75). C6 glioma cells were grown in nutrient mixture Ham’s

F-10 media containing 1% antibiotic/antimycotic and 10%

FBS. Medium removal was done every other day. Cell

passage was done weekly. For immunofluorescence analy-

sis, C6 glioma cells were seeded on coverslips of dual-

chamber slides at a density of 1 � 104 cells/well and

incubated at 37 8C, under an atmosphere of 5% CO2.

Subconfluent monolayer cells were used for experiments at 2

days after passage. Induction of differentiation into

astrocyte-like cells was achieved by the addition of 1 mM

dibutyryl cyclic AMP (db-cAMP) and reduction of growth

media to 1% FBS.

2.3. Cellular fractionation

Preparation of total homogenates and equilibrium density

gradient isolation of caveolin-enriched membrane fractions
were done as described previously (Lisanti et al., 1995a,b;

Sargiacomo et al., 1993; Silva et al., 1999). Briefly, all

cellular fractionation procedures were performed at 4 8C.

For the preparation of total homogenates, the medium was

removed from the confluent monolayers of C6 glioma and

the cells washed with PBS. After addition of trypsin, cells

were centrifuged and the pellet resuspended and homo-

genized in lysis buffer (20 mM HEPES, 2 mM DTT, 10 mM

MgCl2, 0.1 mg/ml BSA at pH 7.0), plus a cocktail of

protease inhibitors (100 mg/ml each of leupeptin, antipain,

bestatin, chymostatin, and pepstatin A). Protein concentra-

tion was determined using the Bradford assay and samples

diluted either in Laemmli sample buffer solution, or urea

sample buffer (4% SDS, 8 M urea, 62 mM EDTA, 0.2%

mercaptoethanol, and 0.015% bromophenol blue). The latter

sample buffer modification improves detection of the cav3

isoform.

To generate the detergent-insoluble density gradient

fractions, C6 glioma cells were processed as previously

described (Silva et al., 1999). Briefly, rat C6 glioma cells

were rinsed twice with MBS (25 mM MES and 15 M NaCl).

Then, MBS containing 2% Triton X-100 and 1 mM PMSF

was added and the cells scraped and homogenized. The

resulting homogenate was separated over a discontinuous

sucrose-density gradient, prepared by adjusting the homo-

genate to 40% sucrose by addition of 80% sucrose in MBS,

and overlaying with 4 ml of 30% sucrose in MBS, and 4 ml

5% sucrose in MBS. The sample was centrifuged at

39,000 rpm for 22 h in a SW 41 rotor (Beckman

Instruments). Twelve 1 ml fractions were collected from

the top of the gradient, diluted three-fold with MBS, and

centrifuged at 100,000 � g for 30 min at 4 8C. The resulting

pellets were resuspended in MBS and stored at �80 8C, or

alternatively directly resuspended in SDS-PAGE sample

buffer.

2.4. SDS-PAGE and immunoblotting

SDS-PAGE and immunoblot analysis of the pellets and

gradient fractions was done as previously described (Silva

et al., 1999). In brief, equal total homogenate amounts

(�10 mg protein) or volumes (gradient fractions), plus the

molecular weight standards, were resuspended in the sample

buffers described above, and separated in 10–15% SDS

polyacrylamide gels (Bio-Rad Laboratories, Hercules, CA).

After electrophoresis, the gel was transferred overnight to a

PVDF membrane using a mini trans-blot apparatus (Bio-Rad

Laboratories, Hercules, CA) at 4 8C. PVDF membranes

were stained with India ink to verify transfer efficiency and

to quantitate total protein content using a Bio-Rad Gel Doc

1000 system (Bio-Rad Laboratories, Hercules, CA). Sub-

sequently, membranes were incubated overnight (at 4 8C)

with a primary polyclonal antibody against cav1 (1:10,000

dilution), and monoclonal antibodies against cav2 (1:5000

dilution) and cav3 (1:2000 dilution). After addition of the

corresponding secondary antibodies, membranes were
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processed using the enhanced chemiluminescence assay

(SuperSignal1 West dura extended duration substrate;

Pierce, Rockford, IL) as described by the manufacturer.

2.5. Immunofluorescence

Sample preparation for immunofluorescence and laser-

scanning confocal microscopy (LSCM) was done as

previously described (Silva et al., 1999). In brief, media

was decanted and the cells rinsed in PBS. Cells were fixed

with 100% methanol (�20 8C), rinsed, and treated with

100 mM NH4Cl in PBS. After rinsing, cells were

permeabilized with 0.1% Triton X-100 and subsequently

incubated in 2% BSA in PBS. The slides were incubated

with primary antibodies (1:150 for anti-cav1; 1:50 for anti-

cav2 and anti-cav3) for 1 h at room temperature. After

rinsing, slides were incubated with the secondary antibodies

(1:300 for anti-rabbit-Alexa 488, anti-mouse IgG-Alexa

488, or -Alexa 633) for 1 h at room temperature. The slides

were washed and mounted with antifading medium

(Slowfade1 antifade kit, Molecular Probes, Eugene, OR).

Indirect immunofluorescence and co-localization studies

were done using a Nikon Confocal Imaging System

(TE2000 Inverted Microscope and C1 Eclipse Confocal

Setup; Nikon Instruments Inc., Melville, NY).

2.6. Reverse transcriptase-PCR analysis

2.6.1. Quantification of caveolin isoform mRNA

expression

To initiate the determination of the relative expression of

the mRNA of the caveolin isoforms, we took two

complementary approaches: semi-quantitative conventional

RT-PCR and real-time RT-PCR analysis. Total RNA was

isolated from glioma cells using trizol reagent (Invitrogen

Life Technologies, Carlsbad, CA) according to the

manufacturer’s instructions. To remove possible genomic

contamination, the extracted RNA was treated with DNAse

using the Ambion DNA-free kit (Ambion Inc., Austin, TX).

Integrity of the extracted total RNA was electrophoretically

verified by ethidium bromide staining and observed in a

denaturant agarose gel.

2.6.2. Reverse transcriptase-polymerase chain reaction

(RT-PCR)

Reverse transcription reaction was performed using

�1.5 mg total RNA. First strand cDNAwas synthesized using

the SuperscriptTM II RNAse H� reverse transcriptase kit

(Invitrogen Life Technologies) with Oligo-dT as the primer

following manufacturer’s instructions. To assay for possible

genomic DNA contamination of the RNA sample, a mock

cDNA reaction, which included all reagents except reverse

transcriptase, was prepared for each RNA extraction. This

mock cDNA was subsequently used in a PCR reaction. The

following PCR primers were used for the detection of cav1,

cav2, cav3, and GAPDH transcripts: cav1 sense primer 50-
AGCATGTCTGGGGGTAAATACG-30 and antisense primer

50-CCTCCATCCCTGAAATGTCCT-30 (560 bp); cav2 sense

primer 50-GCTCAACTCGCATCTCAAGCT-30 and antisense

primer 50-TCTGTCACACTCTTCCATATT-30 (260 bp); cav3

sense primer 50-CCAAGAACATCAATGAGGACATTGTG-30

and antisense primer 50-TCGCAGCACCACCTTAATGTT-

GCT-30 (358 bp); and GAPDH sense primer 50-ACCA-

CAGTCCATGCCATCAC-30 and antisense 50-TCCACCA-

CCCTGTTGCTGTA-30 (452 bp). PCR reactions were run at

94 8C for 1 min (denaturation), 1.5 min for annealing at 60 8C
(cav1, cav3, and GAPDH) and 50 8C (cav2), and 72 8C for

1.5 min for extension. After an initial 3 min hot start, PCR

reactions were done between 29 and 33 cycles and

ended with a final extension at 72 8C for 5 min. PCR products

were subsequently analyzed by electrophoresis on a 1%

agarose gel impregnated with ethidium bromide (0.5 mg/ml).

Densitometric analysis was performed using the Bio-Rad

Laboratories Gel Doc 1000 and its Molecular Analysis

Software (Hercules, CA). This procedure allowed confirma-

tionof theexpressionof themRNAfor thecaveolin isoformsin

C6 glioma cells.

2.7. Real-time reverse transcription PCR

Validation of temporal caveolin isoform mRNA expres-

sion was performed with real-time RT-PCR analysis. For this

procedure, first strand cDNA was synthesized using the

iScriptTM cDNA synthesis kit (Bio-Rad). Gene analysis

involved standard desalting primers designed with Beacon

Designer 3 (Premier Biosoft International, Palo Alto, CA)

for cav1, cav2, and cav3 genes (IDT1 Integrated DNA

Technologies Inc., Coralville, IA). The following PCR

primers were used for the detection of cav1, cav2, cav3,

GFAP, and GAPDH transcripts: cav1 sense primer 50-
CGTAGACTCCGAGGGACATC-30 and antisense primer 50-
CGTACACTTGCTTCTCATTCAC-30 (110 bp); cav2 sense

primer 50-GCTGGGCTTCGAGGATGTG-30 and antisense

primer 50-AGGAACACCGTCAGGAACTTG-30 (126 bp);

cav3 sense primer 50-CCAAGAACATCAATGAGGA-

CATTGTG-30 and antisense primer 50-GTGGCAGAAGGA-

GATACAG-30 (211 bp); GFAP sense primer 50-
AAGAGACAGAGGAGTGGTATCG-30 and antisense primer

50-AGTCGTTAGCTTCGTGTTTGG-30 (102 bp) and

GAPDH sense primer 50-AACTTTGGCATCGTGGAA-30

and antisense primer 50-TACATTGGGGGTAGGAACAC-30

(222 bp). Real-time RT-PCR was performed in an iCycler

(Bio-Rad Laboratories) using the iQTM SYBR1 Green

Supermix (Bio-Rad Laboratories) as a fluorescence dye for

the presence of double-stranded DNA. After optimization of

PCR conditions, reactions with SYBR1 Green PCR master

mix, 10 mM forward/reverse primer and 100 ng cDNA were

prepared. PCR parameters were 95 8C for 3 min (required

for iTaqTM DNA polymerase activation), 40 cycles of 95 8C
for 10 s and 1 min annealing at 50 8C (cav1 and cav2), 55 8C
(GAPDH), 55.4 8C (GFAP), and 61.3 8C (cav3). The

generation of specific PCR products was confirmed by
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Fig. 1. RT-PCR analysis of cav1, cav2, and cav3 in C6 glioma cells. RT-PCR was performed with total RNA obtained from undifferentiated C6 glioma cells

using specific primers for cav1, cav2, and cav3 (see Section 2). Reaction products obtained from conventional RT-PCR (lanes 2–4) and real-time RT-PCR (lanes

6–8) were separated using a 2% agarose gel containing ethidium bromide. The DNA ladder corresponds to the first and fifth lanes and the expected sizes of the

reaction products for the three caveolin isoforms are indicated on the left and right sides of the figure.
melting curve analysis, and separation of the products over

agarose gels (see Fig. 1). Optimization of the real-time PCR

efficiencies for the different caveolin isoforms was

calculated from the given slopes using the iCycler Software.

PCR cycle number that generated the first fluorescence

signal above threshold (threshold cycle, CT) was determined

and subsequently a comparative CT method was used to

measure relative gene expression. The X factor by which the

amount of caveolin isoform (or GFAP) has changed in

control (T0) and differentiating cells (T8, T24, and T48) using

GAPDH for normalization was calculated with the follow-

ing formula (Livak and Schmittgen, 2001):

X ¼ 2�DDCT ; where DDCT

¼ ½ðCTðcavsÞ � CTðGAPDHÞÞ�timeðX hÞ

� ½ðCTðcavsÞ � CTðGAPDHÞÞ�control

2.8. Statistical analysis

Mean values of data from at least four independent

experiments were subsequently calculated and plotted as a

percentage compared with untreated controls (which were

set to 100%). Standard errors were calculated by one-way

analysis of variance (ANOVA) and by Students’s paired t-

test using Graph Pad Prism software (Graph Pad Software

Inc., San Diego, CA). Significance between groups was

further analyzed using the post hoc Tukey’s test.
3. Results

3.1. RT-PCR analysis demonstrates that C6 glioma cells

express the messenger RNA for the three caveolin

isoforms

In a previous study (Silva et al., 1999), the expression of

cav1 and cav2 in C6 glioma cells was established using

immunoblot analysis of total C6 cell homogenates, density

gradient sedimentation, and indirect immunofluorescence.

In the present study, the analysis of caveolin isoform

expression was expanded to the mRNA and proteins levels.

Conventional RT-PCR and real-time RT-PCR analytical

approaches were applied to determine the presence of the

mRNA for the three caveolin isoforms in C6 astroglia is

shown in Fig. 1. Using specific primers for the different

caveolin isoforms reveals, with either RT-PCR approach, the

expression of the mRNA for the three caveolin isoforms.

Using conventional RT-PCR analysis the reaction yielded

the expected product sizes for each of the caveolin isoforms:

cav1 (560 bp), cav2 (260 bp), and cav3 (358 bp) (Fig. 1,

lanes 2–4). Real-time RT-PCR analysis further corroborated

the expression of the message for the three caveolin

isoforms. Melt curves using a different set of specific

primers for each of the caveolin isoforms revealed the

expression of a single reaction product (data not shown),

which when separated using agarose gel electrophoresis

revealed, as well, reaction products of the corresponding

expected sizes (Fig. 1, lanes 6–8): cav1 (110 bp), cav2

(126 bp), and cav3 (211 bp). These findings further
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substantiate the expression of the message for the cav1

isoform in C6 cells, while providing evidence for the first

time of the expression of the mRNA for the cav2 and cav3

isoforms.

3.2. Immunoblot analysis of total homogenates and

density-gradient-derived caveolin-enriched membrane

fractions further demonstrates that C6 glioma cells

express the caveolin-3 isoform

To further provide evidence on the expression of the cav3

isoform in C6 astroglioma cells, total cell homogenates were

prepared and resuspended in a modified SDS-PAGE sample

buffer, which included urea and 4% SDS (see Section 2).

Under these conditions, Western blot analysis reveals cav3

immunoreactivity of �18 kDa (Fig. 2, panel A). In order to

determine that the cav3 immunoreactivity displays buoyant

density and detergent-insolubility properties typical of the

caveolins, C6 glioma cells were solubilized in Triton X-100

and detergent lysates fractionated by equilibrium centrifu-

gation on 5–40% discontinuous sucrose-density gradients.
Fig. 2. Immunoblot analysis of the expression of cav1, cav2, and cav3 in

total homogenate (panel A) and density-gradient (panel B) fractions of C6

glioma cells. (Panel A) Immunoblot analysis of the different caveolin

isoforms (indicated at the top of panel A) was performed in total homo-

genate fractions from undifferentiated C6 glioma cells. Equal amounts of

sample (�10 mg protein) were loaded and then separated by SDS-PAGE.

The relative protein content was verified by means of India ink. Bars on the

left side indicate the migration of molecular weight standards. The mole-

cular weights for the different caveolin isoforms are indicated on the right

side of the figure: cav1 (�22 kDa), cav2 (�20 kDa), and cav3 (�18 kDa).

(Panel B) Isolation of cav1-, cav2-, and cav3-enriched membrane fractions

from C6 glioma cells using a Triton X-100-based method. Equal volumes of

fractions collected across the gradients were resolved by SDS-PAGE and

immunoblots done using the indicated anti-caveolin antibodies. All iso-

forms co-fractionate with the characteristic light-density, triton-insoluble

membrane fractions (3–5). Fraction number is indicated horizontally

(numbers indicated above the figure—fraction 1: top and fraction 12:

bottom).
Fig. 2 (panel B) demonstrates that, consistent with the

known properties of CAV, light-density, Triton X-100-

insoluble membrane fractions enriched in cav1, cav2, and

cav3 were obtained as revealed by the peak of immunor-

eactivity in the light-density fractions 3–5 near the 5–30%

sucrose interphase.

3.3. Indirect immunofluorescence analysis of cav3 in

undifferentiated C6 glioma cells

Theexpressionofcaveolinhasbeenshowntocorrelatewith

the presence of morphologically identifiable CAV. As

previously shown (Silva et al., 1999), the cav1 and cav2

immunoreactive species of C6 glioma cells seen in Western

blots were ascribed to CAVor CAV-like membrane domains as

determined by indirect immunofluorescence analysis. A

similar approach was undertaken for the cav3 of C6 glioma

cells (Fig. 3). Taking advantage of laser-scanning confocal

microscopy (LSCM), the co-localization of the three caveolin

isoforms was evaluated in C6 cells, as well. As had been

previously established cav1 and cav2 display patterns of

subcellular distribution characterized by intensely fluorescent

puncta throughout the cytoplasm and diffuse micropatches at

the level of the plasmalemma. Perinuclear staining was also

detected, consistent with caveolin’s localization in the trans

Golgi region. Fig. 3 also demonstrates that plasmalemma

micropatches, consistent with CAV, display significant co-

localization of both cav1 and cav2. A similar subcellular

distribution pattern was revealed for cav3, both in terms of its

subcellular pattern of distribution (plasmalemma caveolar

micropatches and perinuclear staining), and in terms of its co-

localization with cav1 and cav3 (Fig. 3).

3.4. Caveolin isoform message expression during

differentiation of C6 glioma cells determined via real-

time RT-PCR

The value of cultured C6 astroglial cells, as a model

system for the study of the role of CAV and the caveolin

isoforms in glial cell neurobiology, is further expanded due

to the established conditions to experimentally induce the in

vitro differentiation of C6 glioma cells into an astrocyte-like

phenotype. The ability to induce the differentiation of C6

cells into an astrocyte-like phenotype was validated by

determining the expression of the message for GFAP using

real-time RT-PCR (Fig. 4, panel B) and via Western blots

(Fig. 5). Under these experimental conditions, the expected

up-regulation of the GFAP message and protein is observed,

being particularly prominent and significant at 48 h (T48).

The expression of the message for the three caveolin

isoforms was determined via standardized, conventional RT-

PCR at different time points after induction of differentiation

with db-cAMP (time points (h): 0, 8, 24, and 48) (Fig. 4,

panel A). The results suggested an up-regulation of cav1 and

cav2 during C6 differentiation, parallel to down-regulation

of the cav3 isoform messages. During this time course, the
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Fig. 3. Analysis of the expression and co-localization of the caveolin isoforms in undifferentiated C6 glioma cells using laser-scanning confocal

microscopy. The left column images correspond to immunolabeling using a cav1 primary antibody and an Alexa 633-coupled secondary antibody (red).

The middle column images correspond to immunolabeling of cav2 (top) or cav3 (bottom) with Alexa 488-coupled secondary antibodies (green). The last

column corresponds to the merge of the cav1/cav2 and cav1/cav3 immunofluorescence signals to determine their co-localization in ‘‘oligodendrocyte-like’’

undifferentiated glial cells. The three isoforms display patterns of subcellular distribution typical of caveolins, characterized by intensely fluorescent

puncta throughout the cytoplasm (arrow heads) and plasmalemma caveolar micropatches (arrows). Perinuclear staining was also detected, consistent with

caveolin’s localization in the trans Golgi region. On the merged images (right column), co-localization of cav1/cav2 and cav1/cav3 is indicated by the

yellow fluorescence signal (arrows). Scale bar: 10 mm. ‘‘For interpretation of the references to color in this figure legend, the reader is referred to the web

version of the article.’’
relative levels of GAPDH were not statistically significant

from those of the T0 control (Fig. 4, panel A). To obtain a

quantitative estimate of caveolin isoform mRNA expression,

we utilized real-time RT-PCR (Fig. 4, panel B). This analysis

revealed a differential temporal pattern of caveolin mRNA

expression during differentiation of C6 glioma cells. The

results yield a concomitant up-regulation of cav1 (�134.1%

(�38.3)) and cav2 (�117.2% (�38.5)), the increased levels

being particularly significant for cav1 at T48 ( p < 0.01) and

at T48 ( p < 0.05) for cav2 (Fig. 4, panel B). In contrast, there

is a gradual and statistically significant ( p < 0.001) decrease

in the levels of the cav3 message at all the time points

analyzed, with a maximum decline in its expression to

�14.1% (�4.6), when compared to the T0 control group.

3.5. Immunoblot analysis of caveolin isoform

expression during differentiation of C6 glioma cells

Immunoblots for the three caveolin isoforms were

obtained to determine the relative changes in isoform
protein expression during the differentiation of C6

astroglioma cells; cav1, cav2, and the astrocyte marker

GFAP protein levels are up-regulated, while cav3

expression is down-regulated after 48 h of induction of

differentiation by db-cAMP (Fig. 5). As shown in Fig. 5,

under these experimental conditions, the expected up-

regulation of GFAP is observed (�515.42% (�189.61)),

being particularly prominent and significant at 48 h

( p < 0.05). Similar to the patterns of caveolin isoform

message expression (Fig. 4), immunoblot analysis of the

three caveolin isoforms (Fig. 5, panel A) reveals a

differential temporal pattern of caveolin expression. There

is a significant up-regulation of cav1 (�29.73% (�10.7))

and cav2 (�82.12% (�31.7)) at T48 for cav1 ( p < 0.05)

and at T48 for cav2 ( p < 0.05 by t-test analysis) (Fig. 5,

panel B). In contrast, there is a gradual and statistically

significant decrease in the levels of the cav3 protein at the

T24 ( p < 0.05) and T48 ( p < 0.01) time points, with a

maximum decline in its expression to �63.5% (�5.5)

when compared to the T0 control group.
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Fig. 4. Conventional (panel A) and real-time (panel B) RT-PCR analysis of caveolin isoform mRNA expression during db-cAMP-induced differentiation of C6

glioma cells. (Panel A) RT-PCR was performed using total RNA derived from 1 mM db-cAMP treated and untreated C6 glioma cells. mRNA expression of the

different caveolin isoforms was determined at different time points (T0, T8, T24, and T48) after induction of differentiation. Specific primers for the amplification

of cav1, cav2, cav3, and GAPDH were used (see Section 2). Reaction products were separated using a 2% agarose gel containing ethidium bromide. The

expected sizes of the reaction products are marked on the left side of the figure. Time (h) is indicated horizontally. (Panel B) Real-time RT-PCR analysis was

performed to determine quantitative changes in caveolin expression during db-cAMP-induced differentiation of C6 astroglioma cells. The astrocyte marker

GFAP was used as control for differentiation of C6 glioma cells into an astrocyte-like morphology. Data represents values normalized against GAPDH and

expressed as % of change relative to the control (T0). Each bar represents the mean � S.E.M. of at least four independent experiments (cav1: n = 5; cav2: n = 5;

cav3: n = 4; GFAP: n = 5) (*p � 0.05; **p � 0.01; ***p � 0.001).
3.6. Indirect immunofluorescence analysis of cav3 in

differentiated C6 glioma cells

The findings on the subcellular distribution of cav1 and

cav2 immunoreactivity in C6 glioma cells of a previous
study (Silva et al., 1999), and those reported here for the

three isoforms (Fig. 3), have been obtained with mid-

passage C6 glioma cells, not induced to differentiate into an

astrocyte-like phenotype. Therefore, lase-scanning confocal

microscopy was undertaken to address the latter issue and,
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Fig.5. Analysisofcaveolin isoform and GFAPprotein expressionduringdb-cAMP-induced differentiationofC6 glioma cells. (Panel A) Immunoblotanalysisof the

expressionof thedifferentcaveolin isoformsandGFAPusingtotalhomogenatefractions fromC6gliomacellsobtainedbefore(T0)andatdifferent time(h)pointsafter

treatment with 1 mM db-cAMP (T8, T24, and T48). Equal amounts (�10 mg) of sample protein were loaded and then separated by SDS-PAGE. The relative protein

content was verified by means of India ink staining. Representative gels are shown at the top of each graph. The astrocyte marker GFAP was used as control for

differentiation of glioma cells to an astrocyte-like morphology. (Panel B) Densitometric analysis of caveolin and GFAP immunoblots. Optical density analysis of the

specificbandswasperformedandcorrectedbyproteincontent.Results represent the%ofchangerelative to thecontrol (T0).Eachbar represents themean � S.E.M.of

at least four independent experiments (cav1: n = 6; cav2: n = 6; cav3: n = 5; GFAP: n = 4) (*p � 0.05; **p � 0.01; ***p � 0.001).
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Fig. 6. Analysis of the expression and co-localization of the caveolin isoforms in differentiated C6 glioma cells using laser-scanning confocal microscopy.

The top row images correspond to immunolabeling using a cav1 primary antibody and an Alexa 633-coupled secondary antibody (red). The middle row

images correspond to immunolabeling of cav2 (left) or cav3 (right) with Alexa 488-coupled secondary antibodies (green). The bottom row images

correspond to the merge of the cav1/cav2 and cav1/cav3 immunofluorescence signals to determine their co-localization in ‘‘astrocyte-like’’ differentiated

C6 glioma cells. The three isoforms display patterns of subcellular distribution typical of caveolins, characterized by intensely fluorescent puncta

throughout the cytoplasm (arrow heads) and plasmalemma caveolar micropatches (arrow). Perinuclear staining was also detected, consistent with

caveolin’s localization in the Golgi. On the merged images (bottom row), co-localization of cav1/cav2 and cav1/cav3 is indicated by the yellow

fluorescence signal (arrows). Scale bar: 10 mm. ‘‘For interpretation of the references to color in this figure legend, the reader is referred to the web version

of the article.’’
most importantly, to determine if changes in caveolin mRNA

and protein expression are accompanied by spatial altera-

tions in the subcellular distribution of the caveolin isoform

in differentiated C6 glioma cells. In differentiated C6 glioma

cells, cav1 and cav2 also display patterns of subcellular

distribution characterized by intensely fluorescent puncta

throughout the cytoplasm and diffuse micropatches at the

level of the plasmalemma and perinuclear staining (Fig. 6).

Fig. 6 also demonstrates co-localization of both cav1 and

cav2 in plasmalemmal caveolar micropatches. Caveolin-3

message and protein levels can still be detected in C6 glioma

cells despite the decline in their relative expression in

differentiated C6 glioma cells (Figs. 4 and 5). A similar

subcellular distribution pattern was revealed for cav3 in

differentiated C6 glioma cells, as revealed by its expression

in plasmalemmal caveolar micropatches, puncta and peri-

nuclear staining. Co-localization of cav1 and cav3 in

plasmalemmal caveolar micropatches was also observed

(Fig. 6), resembling the co-localization pattern of cav1/

cav2.
4. Discussion

The first evidence on the expression of caveolins (cav1

and cav2) and CAV in a glial tumor cell line was obtained in

studies conducted on rat C6 astroglioma cells (Silva et al.,

1999). The presence of cav1 in C6 cells was corroborated,

and further expanded to the rat astroglial cell line DI

TNC(1), as well as several cell lines derived from human

glioblastoma tumors (Cameron et al., 2002). The present

study extends the characterization of the caveolin gene

family in C6 astroglia to cav3, and assesses the expression of

the three caveolins during the experimentally induced

differentiation of C6 cells. As a first approach, the

expression of the mRNA for the three known caveolin

isoforms was detected in C6 cells expressing an oligoden-

drocyte-like phenotype cells via RT-PCR analysis (conven-

tional and real-time). These findings substantiate the

expression of the message for the cav1 isoform in C6 cells,

while providing evidence for the first time of the expression

of the mRNA for the cav2 and cav3 isoforms in this cell line.



W.I. Silva et al. / Int. J. Devl Neuroscience 23 (2005) 599–612 609
The detection of the cav3 isoform is of particular importance

since it is usually regarded as a muscle-specific isoform.

Therefore, to unequivocally demonstrate the expression of

cav3 in C6 cells, its presence was further confirmed by

immunoblot analysis of total cell homogenates, density

gradient sedimentation, and indirect immunofluorescence.

The analysis revealed a cav3 immunoreactivity of �18 kDa,

with buoyant density and detergent-insolubility properties

typical of the caveolins. The expression of cav3 is especially

noteworthy, since it has been detected in oligodendrocytes

and astrocytes (Ikezu et al., 1998), and has been claimed to

have special relevance to the pathophysiology of Alzhei-

mer’s disease (AD) (Nishiyama et al., 1999). Similarly, cav1

protein levels in the hippocampus and caveolin mRNA in the

frontal cortex have been shown to be up-regulated in AD

patients by approximately two-fold (Gaudreault et al.,

2004).

The findings presented in this study are consistent with

those conducted on primary cell cultures and established

glial cell lines, which demonstrated the expression of the

cav1 and cav2 isoforms (Bushby, 1999; Cameron et al.,

2002; Colasanti et al., 1998; Mikol et al., 1999; Silva et al.,

1999). Additional studies on brain tissue have also

confirmed expression of the three caveolin isoforms,

including apparent higher molecular weight species,

probably due to their oligomerization and protein-interac-

tion properties (Ikezu et al., 1998). Taking advantage of

laser-scanning confocal microscopy, the co-localization of

the three caveolin isoforms was evaluated in C6 cells, as

well. As it has been previously established, cav1 and cav2

display patterns of subcellular distribution characterized by

intensely fluorescent puncta throughout the cytoplasm and

diffuse micropatches at the level of the plasmalemma,

consistent with CAV, with significant co-localization of both

isoforms. Perinuclear staining was also detected, consistent

and suggestive of caveolin’s localization in C6 glioma cells

in the trans Golgi region. The subcellular distribution

patterns of cav1 and cav2 were similar in undifferentiated

C6 cells, and the experimentally induced astrocyte-like

phenotype. A similar subcellular distribution and co-

localization pattern was also revealed for cav3 and cav1.

The findings on caveolin immunoreactive species in both C6

cell phenotypes and the LSCM results correlate with the

presence of morphologically identifiable CAV (Silva et al.,

1999).

Studies on the regulation of caveolin expression in glial

cells have been very limited to date and restricted to cav1

and cav2 (Zschoecke et al., 2005). The results presented

here, provide additional evidence on the regulation of cav1

and cav2, and the first results on the regulation of cav3

expression during differentiation of a cultured glial cell line.

The present study demonstrates an up-regulation of cav1 and

cav2, accompanied by a prominent down-regulation of the

cav3 isoform, during the experimentally induced differ-

entiation of C6 into an astrocyte-like phenotype. These

patterns were seen for both the mRNA and protein, although
to a lesser degree with the cav2 protein (t-test analysis also

revealed a significant increase during differentiation after

48 h). These findings contrast those of the recent study by

Zschoecke et al. (2005), where down-regulation of cav1 and

cav2 is observed during forskolin- and TGFa-induced

differentiation of primary cell cultures of astrocytes derived

from brain cortex and striatum. Most importantly, this down-

regulation was seen in cortical and striatal astrocytes, but not

in those from cerebellum and midbrain. Therefore, relative

regulation of caveolin isoform expression is dependent on

the brain region from which glial cells are derived.

Regulation of caveolin expression may also vary depending

on the glial cell line utilized, or the use of primary cell

cultures.

It has been previously shown that cyclic AMP via protein

kinase A activation down-regulates cav1 mRNA and protein

expression in CHO cells (Engelman et al., 1999) and rat

cardiac myoblasts (H9C2 cells) (Yamamoto et al., 1999). In

contrast, forskolin and IBMX were shown to induce a

biphasic change in cav1 mRNA expression in rat aortic

smooth muscle cells (RASMC), with an initial increase

followed by a decrease (Yamamoto et al., 1999). In the latter

study, the levels of cav1 and cav3 proteins were also

decreased by forskolin treatment, but only after 60–72 h in

RASMC and 24–36 h in H9C2 cells. In contrast, the

expression of cav2 remained similar in both cells and

decreased to a small degree after prolonged treatment. These

findings demonstrate that expression of caveolin is down-

regulated by cAMP signal in a caveolin subtype and cell type

dependent manner. This concept is supported by the results

presented here in C6 cells where differential patterns of

caveolin mRNA and protein expression are observed during

db-cAMP-induced differentiation of these cells. In the case

of cultured glia, differences in patterns of regulation may

relate to differentiation conditions, such as the agents used

(db-cAMP versus forskolin), and relative serum concentra-

tions (low serum (1%) conditions in C6 cells studies).

Indeed, the work of Ikezu et al. (1998) demonstrates that

culture conditions differentially affect the expression of the

three caveolin isoforms. The study suggests that conditions

used to grow astroglial cells promote expression of cav1 and

cav2, and down-regulate the expression of cav3 (Ikezu et al.,

1998). In the case of astrocytes, in vivo studies demonstrated

that astrocytes preferentially express caveolin-3 while in

culture, they express cav1 and cav2 (Ikezu et al., 1998). In

other cell systems, increase in the total content of cav1 has

been reported in NG108–15 cells treated and induced to

differentiate with PGE1 and theophylline (Toselli et al.,

2001). While studies on cav1 and cav2 in PC12 cells and

dorsal root ganglion (DRG) neurons showed that cav1

expression is up-regulated on day 4 after nerve growth factor

(NGF) treatment, whereas cav2 is transiently up-regulated

early in the differentiation program (reaching its maximal at

day 3), and rapidly down-regulated at day 4 after NGF

treatment. Interestingly, cav2 is also up-regulated in

response to the mechanical injury of differentiated PC12
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cells, an event strictly dependent on continued treatment

with NGF (Galbiati et al., 1998). According to Galbiati et al.

(1998), induction of cav1 and cav2 during NGF-induced

differentiation is consistent with the idea that caveolins are

generally induced during differentiation processes and their

expression is highest in terminally differentiated non-

dividing cells (Galbiati et al., 1998). Studies on the

differentiation of C2C12 cells from myoblasts to myotubes

(which lead to a dramatic up-regulation of cav3 with no

changes in cav2 expression), also support the notion that

caveolins can be independently up-regulated or down-

regulated in response to a variety of distinct cellular cues

(Scherer et al., 1997).

The prominent down-regulation of cav3 (protein and

mRNA) seen during differentiation of C6 cells into an

astrocyte-like phenotype, suggests regulation of cav3

expression at the transcriptional level. Down-regulation of

the cav3 isoform has also been seen during chick brain

development at embryonic day 4 in the myotome and neural

tube; meanwhile, brain immunolabeling is present at

embryonic day 6 and its intensity reduced at embryonic

day 8 (Shin et al., 2003). The down-regulation seen for cav3

in C6 astroglia is of utmost significance, since further

analysis of this experimentally induced down-regulation of

cav3 in C6 may shed light on potential neuro- or glio-

protective mechanisms in Alzheimer’s disease. The thor-

ough understanding of the mechanisms inducing down-

regulation of cav3, will present means to counteract the

dramatic up-regulation of cav3 immunoreactivity seen in

astroglial cells surrounding senile plaques (Nishiyama et al.,

1999) in brain tissue sections from authentic AD patients

and an established transgenic mouse model of AD. In the

latter study, cav3 was shown to physically interact and co-

localize with the amyloid precursor protein (APP) both in

vivo and in vitro. Immunoreactivities of APP and presenilins

were concomitantly increased in cav3-positive astrocytes.

Because the presenilins also form a physical complex with

cav3, CAV may provide a common platform for APP and the

presenilins to associate in astrocytes. In AD, augmented

expression of cav3 and presenilins in reactive astrocytes may

alter APP processing, leading to the overproduction of its

toxic amyloid metabolites (Nishiyama et al., 1999). The

latter pathophysiological process may be altered by agents

targeted to disrupt the CAV platform, or by targeted down-

regulation of cav3.

Early morphological studies identified plasmalemmal

vesicles in peripheral Schwann cells (Mugnaini et al., 1977),

fibrous astrocytes from cat optic nerve (Massa, 1982), and

mixed cultures of rat fetal glial cells (Massa and Mugnaini,

1985). The caveolins in glia are linked to an active

subcellular transport machinery, like a developed endocytic

system mainly composed of caveolae, clathrin-coated pits

and vesicles, tubulo-vesicular and spheric endosomes,

multivesicular bodies, and lysosomes (Silva et al., 1999;

Megias et al., 2000). Furthermore, the glial CAV compart-

ment has been proposed to play an important role in the
regulation of drug transport in the nervous system (Demeule

et al., 2000; Ronaldson et al., 2004), signal transduction

(Abulrob et al., 2004; Arvanitis et al., 2004; Colasanti et al.,

1998; Ge and Pachter, 2004; Mentlein et al., 2001; Teixeira

et al., 1999), and cholesterol homeostasis (Ito et al., 2002,

2004). The present study furthers the value of the C6

astroglial cells model system for the assessment of the role

of CAV and caveolins in glial cell maturation, differentia-

tion, and signal transduction. The recent identification of

CAV and caveolins in the brain and in glial cells poses itself

as fertile ground for the discovery of potentially novel

emerging functions of this group of scaffolding molecules.
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