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Phosphorylation of caveolin-1 occurs during cell activa-
tion by various stimuli. In this study, the involvement of
caveolin-1 in an irradiation injured spinal cord was exam-
ined by analyzing the phosphorylation of caveolin-1 in the
spinal cord of rats after irradiation with a single dose of 15
Gray from a *Co y-ray source at 24 h post-irradiation
(PI). A Western blot analysis showed that the phosphory-
lated form of caveolin-1 (p-caveolin-1) was expressed con-
stitutively in the normal spinal cords and was significantly
higher in the spinal cord of irradiated rats at 24 h PI. The
increased expression of ED1, which is a marker of acti-
vated microglia/macrophages, was matched with that of
p-caveolin-1. In the irradiated spinal cords, there was a
higher level of p-caveolin-1 immunoreactivity in the iso-
lectin B4-positive microglial, ependymal, and vascular en-
dothelial cells, in which p-caveolin-1 was weakly and con-
stitutively expressed in the normal control spinal cords.
These results suggest that total body irradiation induces
activation of microglial cells in the spinal cord through the
phosphorylation of caveolin-1.
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Introduction

Caveolin is a transmembrane adapter molecule that recog-
nizes glycosylphosphatidyl inositol-linked proteins and in-
teracts with downstream cytoplasmic signaling molecules,
such as Src-family tyrosine kinases and heterotrimeric G
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proteins [8,11]. Caveolin is phosphorylated under certain
activation conditions, specifically, at Tyr-14, Ser-88, and
other residues in v-Src-transformed cells leading to the
flattening, aggregation, and fusion of caveolae and cav-
eolae-derived vesicles [8]. Moreover, the phosphorylation
of caveolin affects the cell shape, which is an important
finding in the activation and migration of inflammatory
cells. It was previously reported that the phosphorylation
of caveolin-1 occurs with experimental autoimmune ence-
phalomyelitis, particularly in activated microglia or mac-
rophages in the spinal cord [6]. Here, we hypothesize that
the phosphorylation of caveolin-1 is an important event for
cell activation in central nervous system (CNS) in-
flammation and possibly irradiation.

Radiation is widely used to treat common central nervous
system cancers, particularly glioblastoma multiforme,
with or without chemotherapy [1,3] as well as for suppor-
tive treatment of a spinal cord injury in animal models [15].
Even though radiation is used for cancer treatment, various
side effects can occur, such as glial cell activation, dis-
ruption of the blood brain barrier, and white matter ne-
crosis in the CNS [1,3,7,14]. Previous studies suggest that
irradiation activates the microglia and eventually induces
astrogliosis. Furthermore, a variety of cell activation
events, including the increased level of p38 phosphor-
ylation, NF-kB activation, and inflammatory mediators,
occur in microglia during irradiation [5]. Little is however
known about the cellular responses to irradiation, in partic-
ular, the changes to lipid raft proteins such as caveolin-1.
The aim of this study is to localize the expression, and ex-
amine the changes in the phosphorylation of caveolin-1
(p-caveolin-1) in the spinal cord of rats after irradiation.
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Materials and Methods

Animal subjects and experiment

Sprague-Dawley rats were purchased from Daehan
Biolink (Korea) and bred in our animal facility. Five- to
six-week-old male rats weighing 121.1 = 19.2 g were used
for the experiments. The study was carried out in accord-
ance with the internationally accepted principles for labo-
ratory animal use and care as per NIH guidelines (USA).

The rats were divided into two equal groups and anes-
thetized with chloral hydrate (375 mg/kg body weight, per-
itoneal injection). The rats from one group were subjected
to whole-body irradiation with 15 Gray in a single fraction
(n=7). Irradiation was carried out using a ®Co y-ray
source (10,000 Ci; Co-60 Irradiation Facility, Applied
Radiological Science Research Institute, Cheju National
University, Korea). The rats from the other group were not
irradiated and used as controls (n = 7).

Tissue sampling

The rats were sacrificed at 24 h post-irradiation (PI) under
ether anesthesia. The spinal cords were removed immedi-
ately after death and fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS) at pH 7.4 to allow for par-
affin embedding, or were quick-frozen and stored for later
use in immunoblotting.

Antibodies

Rabbit polyclonal anti-p-caveolin-1 (Tyr 14; Santa Cruz,
USA), rabbit polyclonal anti-fibronectin (Santa Cruz,
USA), and mouse monoclonal anti-beta-actin (Sigma,
USA) antibodies were used in this study. The astrocytes
and macrophages were identified by applying the mouse
monoclonal anti-glial fibrillary acidic protein (GFAP) anti-
body (Sigma, USA) and mouse monoclonal anti-rat mac-
rophage (ED 1; Serotec, UK), respectively. ED1 was also
used to estimate the level of microglia and macrophage ac-
tivation in a Western blot analysis since ED1 recognizes
the rat macrophage lysosomal membrane antigen [2].
Biotinylated isolectin B4 (IB4) derived from Griffonia
simplicifolia (Sigma, USA) was used to detect the vascular
endothelial cells and activated microglia [6].

Western blot analysis

A Western blot analysis was performed as previously de-
scribed [6]. Briefly, the tissue was homogenized in a lysis
buffer containing protease and a phosphatase inhibitor.
The proteins were resolved by SDS-PAGE (12% acryl-
amide) and transferred to a nitrocellulose membrane
(Schleicher & Schuell, USA). The blots were blocked with
5% skim milk in TTBS (TBS with 0.1% Tween 20) for 1 h,
washed, and then incubated with primary antibodies
overnight. The blots were washed three times with TTBS

and incubated for 1 h with HRP-conjugated anti-rabbit or
mouse IgG antibodies (Vector, USA). The immunoreactive
bands were developed using a chemiluminescent substrate
(WEST-one Kit; iNtRON Biotech, Korea).

Immunohistochemistry

To assess the immunohistochemistry, paraffin-embedded
spinal cord sections (5 um) were deparaffinized, treated
with a citrate buffer (0.01 M, pH 6.0) in a microwave for 10
min, and then treated with 0.3% hydrogen peroxide in
methyl alcohol for 20 min to block the endogenous perox-
idase activity. After three washes with PBS, the sections
were incubated with 10% normal goat serum and then with
polyclonal anti-p-caveolin-1 for 1 h at room temperature
(RT). The immunoreactivity was visualized using an avi-
din-biotin peroxidase complex (Vector Elite; Vector, USA)
and the peroxidase reaction was developed using a dia-
minobenzidine substrate kit (Vector, USA).

The cell phenotype of p-caveolin-1 expression was exam-
ined by applying double immunofluorescence using an-
ti-GFAP. The paraffin sections were reacted sequentially
with primary rabbit anti-p-caveolin-1 followed by fluo-
rescein isothiocyanate (FITC)-labeled goat anti-rabbit IgG
(1 : 50 dilution; Sigma, USA). The sections were then in-
cubated with anti-GFAP followed by tetramethyl rhod-
amine isothicyanate (TRITC)-labeled goat anti-mouse IgG
(1 : 50 dilution; Sigma, USA). To observe the co-local-
ization of p-caveolin-1 and IB4 in the spinal cords, the sec-
tions were reacted with biotinylated IB4 (Sigma, USA),
followed by TRITC-labeled streptavidin (Zymed, USA).
Next, the sections were then reacted with the rabbit an-
ti-p-caveolin-1, followed by a reaction with FITC-labeled
goat anti-rabbit IgG (Sigma, USA). For the reduction of
lipofuscin autofluorescence, the sections were washed in
PBS (three times for 1 h) at RT, dipped briefly in distilled
H,O, treated with 10 mM CuSO4 in an ammonium acetate
buffer (50 mM CH3COONHs,, pH 5.0) for 20 min, dipped
again briefly in distilled H,O, and then returned to PBS.
Following this, the double immunofluorescence-stained
specimens were examined by laser confocal microscopy
(FV500; Olympus, Japan).

Statistical analysis

The results are expressed as the mean + SE of the number
of determinations indicated. The statistical significance of
differences was determined using analysis of variance.
Significance was accepted at p <0.05.

Results

Western blot analysis

A Western blot analysis showed that the level of p-cav-
eolin-1 expression was significantly higher in the spinal
cord at24 h P1(0.267 + 0.036; n= "7 rats; p < 0.05 vs. nor-
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Fig. 1. Western blot analysis for p-caveolin-1 (A), ED1 (B), fi-
bronectin (C) in the spinal cords of the normal control rats
(Normal controls) and irradiated rats at day 1 post-irradiation
(Irradiation). The photographs represent the Western blot for
p-caveolin-1 (A), ED1 (B), fibronectin (C) and beta-actin. The
p-caveolin-1, ED1, and fibronectin immunoreactivities were de-
tected at low levels in the spinal cords of the normal controls (n
= 7) and were found to be significantly greater at day 1 post-irra-
diation (n="7; p < 0.05). The arrowheads indicate the positions
of p-caveolin-1 (approximately 22 kDa), ED1 (110 kDa), fi-
bronectin (220 kDa) and beta-actin (45 kDa).

mal controls) than in the normal controls (density value,
0.066 + 0.015 OD/mm’; n = 7 rats) (Fig. 1A).

A semiquantitative analysis of the macrophage marker
using ED1 was performed to show the activation of micro-
glial cells. The immunoblot of the rat macrophage lysoso-
mal membrane antigen detected by ED1 showed sig-
nificantly higher levels in the spinal cord at 24 h PI (0.012
+0.001; n="7rats; p < 0.05 vs. normal controls) than in the
normal controls (0.004 + 0.001 OD/mm’; n = 7 rats) (Fig.
1B).

A Western blot analysis was used to measure the level of
fibronectin in order to determine if there was any leakage
of blood fibronectin in the spinal cords with irradiation.
The level of fibronectin immunoreactivity was sig-
nificantly higher in the irradiated spinal cords at day 1 PI
(0.927 £ 0.068; n = 7 rats; p < 0.05 vs. normal controls)
than in the normal control spinal cords (0.436 = 0.027
OD/mm’; n = 7 rats) (Fig. 1C).
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Fig. 2. Immunohistochemical staining of p-caveolin-1 in the spi-
nal cord of the normal control (A, B) and irradiated rats at 24 h
post-irradiation (C, D). p-caveolin-1 was weakly detected in
some glial (A, arrow), vascular endothelial (A, arrowhead), and
ependymal cells (B, arrow) in the normal control spinal cords.
Conversely, intense p-caveolin-1 immunoreactivity was detected
in the ramified glial (C, arrows), vascular endothelial (C, arrow-
heads), and ependymal cells (D, arrow) from the irradiated spinal
cords which were counterstained with hematoxylin. Scale bars =
30 pum.

Immunohistochemical localization of p-caveolin-1

Weak p-caveolin-1 immunoreactivity was constitutively
detected in some vascular endothelial, glial, and ependy-
mal cells in the spinal cords of the normal rats (Figs. 2A &
B). In the irradiated spinal cords, p-caveolin-1 was found
to be intensely immunostained in the ramified glial cells as
well as in some vascular endothelial and ependymal cells
(Figs. 2C & D).

A double-labeling experiment was performed in the spi-
nal cords to determine the cell phenotype of p-caveolin-1
expression. The immunoreactivity of p-caveolin-1 in the
parenchyma was co-localized in some IB4-positive micro-
glia and vascular endothelial cells (Figs. 3A-C) but was
scarce in the astrocytes (Figs. 3D-F). This suggests that
most p-caveolin-1 positive cells are ramified microglial
cells.

Discussion

This is the first study demonstrating an increase in the lev-
el of caveolin-1 phosphorylation in irradiated rats located
primarily in the microglial and vascular endothelial cells of
the spinal cord. The findings suggest that the increased
phosphorylation of caveolin-1 indicated that it plays an im-
portant role in the cellular changes of CNS tissue after
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p-caveolin-1

Fig. 3. Identification of p-caveolin-1-positive cells in the spinal cord of the irradiated rats at 24 h post-irradiation. The immunoreactivity
of p-caveolin-1 (A, green) was co-localized in some isolectin B4-positive microglia (arrows) and some vascular endothelial cells
(arrowhead) in the parenchyma (B, red) (C, merge). Some p-caveolin-1-positive cells (D, green, arrow) tested positive for scarce
amounts of glial fibrillary acidic protein GFAP (E, red, arrow) in the white matter (F, merge, arrow). Scale bars =20 pm.

irradiation. Although the biological relevance of cav-
eolin-1 phosphorylation in microglial and vascular endo-
thelial cells remains to be determined, there is a general
consensus that it may stimulate a downstream element of
p38 mitogen-activated protein kinase and c-Src in NIH3T3
cells [13].

Previous studies have identified the events leading to mi-
croglial activation, including increased p38 phosphor-
ylation, NF-kB activation, and release of inflammatory
mediators [5]. In addition, a previous study reported that
the phosphorylation of caveolin-1 leads to the up-regu-
lation of CD86 in monocytes through NF-kB activation
[10]. It is a logical explanation to state that the increased
phosphorylation of p38 and NF-kB activation in the micro-
glia are associated with the phosphorylation of caveolin-1
in the spinal cord of irradiated rats, leading to the activation
of microglia.

Furthermore, gamma irradiation induces inflammation in
the CNS, which is characterized by the activation of micro-
glia, and this cell is in turn affected by pro-inflammatory
cytokines [7]. Microglia respond to gamma irradiation
through the significant up-regulation of IL-13 and TNFa
mRNA synthesis at 4 h and 24 h in vitro [7]. IL-1p induces
the phosphorylation of caveolin-1 in HIT-T15 cells [12].
Therefore, it is highly probable that IL-1p induces the
phosphorylation of caveolin-1 in the microglia, leading to
the inflammatory events after irradiation.

Fibronectin is a component of the extracellular matrix
that may leak through the blood-brain barrier and as a re-
sult play an important role in activating the cell. Friedrich
et al. [4] reported that the level of fibronectin increased af-
ter irradiation. Moreover, Milner and Campbell [9] showed
an association between fibronectin and the activation of
microglial cells. Therefore, we postulate that the increased
leakage of fibronectin in the spinal cord after irradiation
plays some role in the activation of microglial cells.

Overall, this study demonstrates that the irradiation in-
duces the activation of microglial cells, possibly through
the phosphorylation of caveolin-1. The significance of in-
creased phosphorylation in the microglia of CNS tissue af-
ter irradiation remains to be determined and should be ad-
dressed in future research efforts.
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