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Abstract

We recently reported that fibroblast growth factor 1 (FGF-1) upregulates apolipoprotein E (apoE) synthesis and its secretion as high
density lipoprotein (HDL) in cultured astrocytes potentially by an autocrine or paracrine mechanism [Biochim. Biopys. Acta 1589 (2002)
261]. In order to examine pathophysiological relevance of this reaction, we studied association of the production of FGF-1 and apoE in
the post-injury mouse brain. After the spot-injury of the brain by liquid nitrogen, the surface size of the wound shrunk more rapidly in the
CS57BL/6 wild-type mice than the apoE-knock out C57BL/6 mice. Immunohistochemical analysis of the lesions revealed that production of
FGF-1 was identified in the reactive astrocytes by the day 2 after the injury in both types of mouse, prior to the production of apoE confirmed
by the day 4 in the wild-type. These findings were consistent with our in-vitro observations and hypothesis that FGF-1 upregulates apoE
synthesis and subsequently HDL production in the reactive astrocytes by an autocrine or paracrine manner. FGF-1 thus would exert its

effect after the CNS damage through apoE secretion.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Fibroblast growth factor 1 (FGF-1, alternatively named as
acidic FGF) is a potent mitogen and growth stimulation in
glial cells, as well as other growth factors including FGF-2
(Engele and Bohn, 1992; Neary et al., 1994; Ryken et al.,
1992; Scherer and Schnitzer, 1994; Shao et al., 1994; Thorns
et al., 2001). However, its specific function in the central
nervous system (CNS) has not been well established. We re-
cently demonstrated that this factor is produced and released
by the cultured rat brain cells under a certain condition and
upregulates the synthesis of apolipoprotein E (apoE) and
its secretion as high density lipoprotein (HDL) by the as-
trocyte, potentially by an autocrine or paracrine mechanism
(Ueno et al., 2002). ApoE is a major apolipoprotein in cere-
brospinal fluid, synthesized by astrocytes and microglias and
secreted as HDL with cellular phospholipid and cholesterol
(Borghini et al., 1995; Ito et al., 1999; Nakai et al., 1996;
Pitas et al., 1987). Synthesis of apoE by astrocytes largely

* Corresponding author. Tel.: +-81-52-853-8139; fax: +-81-52-841-3480.
E-mail address.: syokoyam@med.nagoya-cu.ac.jp (S. Yokoyama).
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depends on the stage of cellular differentiation, and it report-
edly increases during the CNS development and after cere-
bral injury (Aoki et al., 2003; Graham et al., 1999; Zhang
et al., 2000). Therefore, apoE is thought to play key roles in
maintaining the integrity of the CNS and regeneration of the
nervous system by mediating the intercellular lipid transport
in CNS. It is thus of importance to identify specific factors
and conditions to stimulate apoE-HDL production by astro-
cytes as well as a specific source of such factors, especially
in vivo. FGF-1 can be one of the potential candidate factors
to up-regulate apoE production in pathological conditions
of the brain.

In order to examine the pathophysiological relevance
of the stimulation by FGF-1 of apoE-HDL synthesis in
astrocytes, we undertook the in vivo study to examine ex-
pression of FGF-1 and apoE in the mouse brain of the
post-injury stage. Healing of the cryo-injury was retarded
in the apoE-deficient mice. FGF-1 appeared in the as-
trocytes of the peri-injury regions in both wild-type and
apoE-deficient mice at the timing prior to the increase
of apoE production in the astrocytes of the wild-type
mice.
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2. Materials and methods
2.1. Animals

The C57BL/6 wild-type mice (13 weeks old) were ob-
tained from a local experimental animal supplier, and apoE
knock-out C57BL/6 mice (13 weeks old) were purchased
from Taconic/IBL. (Germantown, NY/Fujioka, Japan). The
animals were anesthetized with ether vapor. The head skin
was cut open, and frostbite injury of the right hemisphere
of the brain was achieved by 30 s-application of cotton ap-
plicator (1 mm diameter) dipped in liquid nitrogen to the
surface of the surgically exposed skull bone overlying the
right frontparietal brain. After the procedure, the brain was
removed at day 2, day 4, 1-, 2- and 4-week. For evaluation
of the wound healing, the size of the wound was measured
on the surface of the brain at the days 2, 14 (2 weeks) and
28 (4 weeks) after the injury. The experimental procedure
had been approved by the animal experiment and welfare
committee of Nagoya City University Graduate School of
Medical Sciences.

2.2. Immunohistochemical analysis

For histochemical studies, the frontal lobe containing the
injury Iesion were sliced in a thickness of 2-3 mm, and the
tissue was fixed in methanol-Carnoy fixative (60% methanol,
30% chloroform, and 10% glacial acetic acid) (Gown and
Vogel, 1984) for 3h, embedded in paraffin, and sectioned
for immunochemical staining. Paraffin sections were seri-
ally cut at every 3 pm and deparaffinized with xylene. Af-
ter washing with phosphate buffered saline (PBS), the sec-
tions for immunochemical staining were treated with 0.3%
{v/v) hydrogen peroxide in methanol for 30 min to inacti-
vate endogenous peroxidase. Primary antibodies employed
were goat anti-FGF-1, anti-apoE, and anti-glial fibrillary
acidic protein (GFAP), all from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Control sections were treated with
non-immunized goat immunoglobulin (Santa Cruz Biotech-
nology). The sections were rinsed and incubated sequen-
tially with secondary antibody (rabbit biotinylated anti-goat
immunoglobulin antibody from DAKO A/S, Glostrup. Den-
mark) and labeled streptavidin—biotin—peroxidase complex
(Nichirei, Tokyo). After the sections were washed with PBS,
the peroxidase reaction was developed in order to visual-
ize the location of respective antigen protein by incuba-
tion in 0.02% (w/v) 3,3'-diaminobenzidine tetrahydrochlo-
ride (Sigma, St. Louis, MO) solution containing 0.003%
(v/v) hydrogen peroxide and 10 mM sodium azide. Hema-
toxylin was used as a counter stain.

Double staining by using an immunofluorescence method
was carried out for paraffin-embedded brain sections of
the wild-type mice at 4-day survival periods after frost-
bite injury. The specimens were deparaffinized and in-
cubated overnight with a mixture of primary antibodies
including goat anti-apoE and rabbit anti-GFAP (Santa Cruz

Biotechnology), followed in sequence by a 30 min incuba-
tion with Alexa Fluor 594 donkey anti-goat-IgG (H + L)
(Molecular Probes, Inc., Eugene, OR, USA), washing
with PBS, a 30 min incubation with Alexa Fluor 488 goat
anti-rabbit-IgG (H 4 L) (Molecular Probes), washing with
PBS, and being mounted in glycerol. Control sections were
treated with a mixture of non-immune goat and rabbit im-
munoglobulins (Santa Cruz Biotechnology), instead of the
primary antibodies. Sections were observed by laser scan-
ning confocal microscopy (LSMS, Zeiss, Jena, Germany).
Green and red channel images were merged.

3. Results
3.1. Apparent healing of the wound
After the liquid nitrogen treatment, the apparent sur-

face size of the frostbite wound was examined at days 2,
14 (2 weeks) and 28 (4 weeks). Fig. 1A shows the brain

(A) Day 14 after the injury

Wild Type

ApoE- KO

B) 20 : ;

15

10

Size of the Scar, mm2

0 10 20 30
Time After Injury, days

Fig. 1. (A) Mouse brains 2 weeks after the cryo-injury by liquid ni-
trogen on the right hemisphere. (B) The size of the injury scar on
the surface of the mouse brain. The valucs represent the products of
sagittal and cross-diameters of the scar on the brain surface (mm?) at
the days of 2, 2 weeks and 4 weeks after the injury (mean + S.E.
of three mice for each). Squares represent wild-type C57BL/6 mice
and circles represent the apoE-deficient mice. Solid lines represent least
square regression in semilogarithmic plots (¥ = 15.1 exp(—0.023x) and
vy = 17.3exp(—0.013x). Asterisks indicate the difference by P < 0.01.
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surface at the day 14 after the injury. The apparent size of
the wounds of the wild-type mice was apparently smaller
than that of the apoE-deficient mice. The size of the
wound was measured and plotted in Fig. 1B. The resulits

GFAP FGF-1

WT day 2

control

d

WT day 4
injure

controf

d

injure

WT day 14

control

demonstrated that the healing process was exponential,
and retarded in the apoE-deficient mice (—0.023 ver-
sus —0.013 as the slope of semilogarithmic plot). Thus,
an active role of apoE was evident in the long-term

Fig. 2. Immunohistochemical analyses of GFAP, FGF-1, and apoE expression in foci of gliosis induced by frostbite-injury of the brain of the wild-type
mice, at the days 2, 4, and at the day of 2 weeks after the injury. GFAP and FGF-1 were both positive in the astrocytes in the areas of gliosis in the
frostbite-injured hemispheres (a, ¢, g, i, m and 0), but neither was detected in the corresponding site of the uninjured hemisphere of the respective brain
throughout the period (b, d, h, i, n and p). ApoE was not detected in the injured tissues at the day 2, appeared evidently in the astrocytes in gliosis at
the day 4 (k), and was faintly demonstrated at the day of 2 weeks (q). ApoE was not detected in the counterpart of the uninjured hemisphere throughout

the period (f, i and r). A scale bar indicates 1 pm.
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recovery of the brain from this particular type of the in-
jury.

In the initial recovery period, the surface of the frostbite
wound of the cerebral cortex of the right lobe was slightly
elevated and softened at the day 2, and tan-colored necrosis
of the lesion became evident at the day 4 in both wild-type

GFAP FGF-1

injured

ApoE-Ko day 2

control

ApoE-Ko day 4

ApoE-Ko day 14

control

and apoE-deficient mice. Histological finding in this stage
was that a cone-shaped necrotic lesion was extended from
the leptomeninges to the white matter right below the cortex
containing densely packed cell-debris and macrophages. At
the outer margin of the wounds, small blood-vessels includ-
ing dilated capillaries were evident. The necrotic tissue was

ApoE

Fig. 3. Immunohistochemical analyses of GFAP, FGF-1, and apoE expression in foci of gliosis induced by frostbite-injury of the brain of the apoE-deficient
mice, at the day 2, 4, and the day of 2 weeks after the injury. GFAP and FGF-1 were both positive in the astrocytes in the areas of gliosis in the
frostbite-injured hemispheres (g, ¢, g, i, m and 0), but neither was detected in the corresponding site of the uninjured hemisphere of the respective brain
throughout the period (b, d, h, i, n and p), being similar to the findings in the wild-type mice shown in Fig. 3. No apoE was detected in any sites of
the brain at the any timing after the injury (e, f, k, 1, g and 1). A scale bar indicates 1 pm.
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Fig. 4. Double staining of the mouse brain by using an immunofluorescence method for GFAP, apoE and FGF-1. Samples were obtained from the
same brain specimens of the wild-type mice used in Fig. 2, cerebral cortex close to the frostbitten tissue. GFAP-positive (a) cells were also positive for
apoE-immunostaining (b), which was verified by merging (c). GFAP-positive cells (d) and FGP-1-positive cells (e} were also shown to be identical (f).

almost completely replaced by granulation tissue composed
mainly of fibroblast-like spindie cells and macrophages by
the end of the second week.

3.2. Production of FGF-1 and apoE in astrocytes

The results of immunohistochemical analysis are shown
in Figs. 2 and 3. At the day 2 after the injury, some astro-
cytes in the area adjacent to the necrotic tissue showed pro-
duction of GFAP and FGF-1, in a stellate appearance with
long processes in the both wild-type (Fig. 2a and c¢) and
apoE-deficient mice (Fig. 3a and c). ApoE production was
not apparent in either type of mice at this stage (Figs. 2¢
and 3e).

At the day 4, production of GFAP and FGF-1 became
more evident in many of the astrocytes in areas of glio-
sis surrounding the injured tissue in both wild-type and
apoE-deficient mice (Figs. 2g,j and 3g,j), and these find-
ings were maintained at the post-injury time of 2 weeks
(Fig. 2m,0 and 3m,0). Presence of apoE was visualized
at the day 4 and it decreased at the day of 2-week after
the injury in the wild-type mice (Fig. 2k and q), but not
in the apoE-deficient mice as a matter of course (Fig. 3k
and q).

These observations were all in the injured hemisphere and
the control non-injured side did not show apparent increase
of expression of any of the three proteins examined in rela-
tion to the post-injury period.

In order to confirm that both FGF-1 and apoE are pro-
duced in astrocytes in the post injury brain, double staining
for GFAP and FGF-1, and for GFAP and apoE were at-
tempted. Fig. 4 demonstrates the results in the brain of the
wild-type mice, indicating that both FGF-1 and apoE are
expressed in the all GFAP-positive cells in the fields.

4. Discussion

The results of the present study are summarized as below.
After the cryo-injury by liquid nitrogen of the mice brain,
astrocytes in the area surrounding the lesion express GFAP
and FGF-1 as an initial reaction, by the day 2, no matter
whether the astrocytes can produce apoE or not. By the day
4, the reactive increase of apoE synthesis was apparent in
the lesion. The lack of this subsequent increase of apoE
production is apparently associated with the retarded healing
of the wound as it 1s measured as the surface size of the scar
in the apoE-deficient mice.

Astrocyte is one of the major glial cells and reacts to the
injury to the nervous system. The term “gliosis” is widely
used to describe the astrocyte reaction to the injury charac-
terized as the cellular hypertrophy and hyperplasia, and the
increased production of GFAP, and the cells in this stage
are referred as “reactive astrocytes” (Fitch and Silver, 1999).
However, true mechanisms and functions of these astrocyte
reactions following the CNS injury largely remains to be
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clarified. A number of investigators have suggested that there
are relatively small number of astrocytes proliferating be-
ing restricted to the immediate areas of wounds (Fitch and
Silver, 1999).

In the present study, the production of FGF-1 was demon-
strated immunohistochemically in the post-injury reactive
astrocytes of mice in vivo. FGF-1 has been thought to be
produced primarily in neurons in vivo (Bizon et al., 1996;
Eckenstein et al., 1994; Elde et al., 1991; Hara et al., 1994,
Kage et al., 2001; Kresse et al., 1995; Schnurch and Risau,
1991; Thorns et al., 2001; Wilcox and Unnerstall, 1991),
though astrocytes have also been identified as its source
(Alterio et al., 1988; Eckenstein et al., 1991; Faucheux et al.,
1992; Kimura et al., 1994; Magnaghi et al., 2000; Tooyama
etal., 1991a,b, 1993; Yasuhara et al., 1991). In the previous
report, results were controversial with respect to stimulation
of FGF-1 synthesis in the reactive astrocytes. Increase of
the FGF-1 expression in reactive astrocytes was shown in
human brain of Alzheimer’s disease (Kimura et al., 1994;
Tooyama et al., 1991a) and Huntington’s disease (Tooyama
et al., 1993), while expression of FGF-1 was reportedly neg-
ative in the astrocytes of rat brain in the repair process after
cerebral infarction (Hara et al., 1994). Thus, pathophysio-
logical relevance has remained to be addressed for our recent
finding that FGF-1 stimulated rat astrocytes to increase the
synthesis of apoE and apoE-HDL by a potential autocrine
mechanism when the cells were prepared after a long-time
primary culture.

FGF-1 is known as a potent mitogen for normal and
transformed glial cells, inducing morphological differenti-
ation of astrocytes (Engele and Bohn, 1992; Neary et al.,
1994; Ryken et al., 1992; Scherer and Schnitzer, 1994; Shao
et al., 1994). Protection against apoptosis and stimulation of
biosynthesis of nerve growth factor in astrocytes have also
been reported as effects of FGF-1 (Thormns et al., 2001). The
present study demonstrated that reactive astrocytes produce
FGF-1 after the cryo-injury and subsequently apoE. Such
a sequential expression in vivo of FGF-1 and apoE in the
post-injury reactive astrocytes is highly consistent with our
in vitro finding mentioned above and would support the hy-
pothesis that FGF-1 production is primarily stimulated in
the reactive astrocytes, which subsequently induces produc-
tion of apoE and release of apoE-HDL. in an autocrine man-
ner in the injured brains. Immunostaining of apoE was pos-
itive at the post-injury day 4 but reduced at the day of 2
weeks, while the influence of apoE production seems to last
throughout the healing process (Figs. 1 and 3). The major
effect of apoE may thus be on the initial stage of the healing,
that might have the prolonged effect.

Though the function of apoE in the CNS is not fully
understood, many reports indicate its importance for the
recovery from the brain injury as the increase of production
and secretion of apoE was observed during and after nerve
degeneration in CNS or in chronic degenerative disease of
the brain (Boyles et al., 1989; Graham et al., 1999). Among
various factors examined for stimulation of apoE production

in brain, epidermal growth factor (Baskin et al., 1997),
lipopolysaccharides and NF-kappa B (Bales et al., 2000;
Saura et al., 2003) were reportedly potent regulators. The
present results indicated that FGF-1 would be one of the
initial signals for the apoE-mediated injury repair system in
CNS, with or without the co-operation of other cytokines
such as epidermal growth factor (Baskin et al., 1997). FGF-1
does not have a signal sequence for secretion through the
Golgi apparatus (Abraham et al., 1986; Jaye et al., 1986),
so that the mechanism for FGF-1 to be released from the
reactive astrocytes has yet to be clarified. Specific mecha-
nisms may be required such as an increase of the membrane
permeability or alternatively simple disruption of the mem-
brane (Cao and Pettersson, 1993; Jackson et al., 1992).

A positive role of apoE in the CNS wound healing was
demonstrated after the cerebral cryo-injury as the healing
process was significantly retarded in the apoE-deficient mice
being monitored by the decrease of the surface wound size.
This finding is perhaps consistent with results that apoE
deficiency is associated with a poor outcome from acute
brain injury including intracerebral hemorrhage (Alberts
et al., 1995) and cerebral ischemia (Laskowitz et al., 1998;
Laskowitz et al., 1997; Sheng et al., 1999). Various mecha-
nisms are proposed for apoE to modify the CNS response
to injury in addition to its function of removing cholesterol
from the lesion and providing cholesterol for regeneration
of nerve cells, such as an anti-oxidative action, down regu-
lation of the CNS inflammatory response, and immunomod-
ulatory properties (Graham et al., 1999; Lauderback et al.,
2001; Thorns and Masliah, 1999).

FGF-1 is induced in the reactive astrocytes as a response
to the cryo-injury prior to the induction of apoE. Together
with our previous in vitro finding that FGF-1 enhances
the expression of apoE and production of apoE-HDL
(Ueno et al., 2002), we hypothesize that FGF-1 stimulates
apoE-HDL production in a putative autocrine manner to
contributes to the wound healing. This hypothesis should
further be examined by using more specific models such
as the FGF-1-deficient animals (Miller et al., 2000). The
mechanism for apoE-HDL to support the recovery from the
cerebral injury remains to be defined.
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Abstract Apolipoprotein A-I (apoA-I) induces the translo-
cation of newly synthesized cholesterol as well as caveolin-1
to the cytosolic lipid-protein particle (CLPP) fraction in astro-
cytes before its appearance in high density lipoprotein gen-
erated in the medium (Ito, J., Y. Nagayasu, K. Kato, R. Sato,
and S. Yokoyama. 2002. Apolipoprotein A-I induces translo-
cation of cholesterol, phospholipid, and caveolin-1 to cyto-
sol in rat astrocytes. J. Biol. Chem. 277: 7929-7935). We here
report the association of signal-related molecules with CLPP.
ApoA-l induces rapid translocation of protein kinase Ca to
the CLPP fraction and its phosphorylation in astrocytes.
ApoA-I also induces the translocation of phospholipase Cy
to CLPP. Diacylglyceride (DG) production is increased by
apoA-l in the cells, with a maximum at 5 min after the stim-
ulation, and the increase takes place also in the CLPP frac-
tion. An inhibitor of receptor-coupled phospholipase C,
U73122, inhibited all the apoA-Iinduced events, such as DG
production, cholesterol translocation to the cytosol, release
of cholesterol, and translocation of protein kinase Co: into the
CLPP fraction.fll CLPP may thus be involved in the apoA-I-
initiated signal transduction in astrocytes that is related to
intracellular cholesterol trafficking for the generation of high
density lipoprotein in the brain.—Ito, J-i., H. Li, Y. Nagayasu,
A. Kheirollah, and S. Yokoyama. Apolipoprotein A-I induces
translocation of protein kinase Ca to a cytosolic lipid-pro-
tein particle in astrocytes. J. Lipid Res. 2004. 45: 2269-2276.

Supplementary key words caveolin-1 ¢ phospholipase C ¢ phosphati-
dylinositol turnover e cholesterol

The main apolipoproteins in mammalian cerebrospinal
fluid (CSF) are apolipoprotein A-l (apoA-I) and apoE (1-3),
which are present as HDL and play major roles in intercel-
lular cholesterol transport in the brain (4), being segregated
by the blood-brain barrier from the lipoprotein system in
the systemic circulation. Astrocytes and partly microglia
cells generate cholesterol-rich HDL by endogenous apoE
along with cellular cholesterol and phospholipid (5-9).
These HDLs may transport cholesterol to the neural cells
where it is required via the cellular receptors that recog-
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nize lipid-bound apoE (10). ApoE-HDL was indeed shown
to play a critical role in wound healing of the brain (11).
ApoA-l is also found in human CSF as the second major
apolipoprotein, with a concentration almost equivalent to
that of apoE (12-14), but the source of this protein is un-
clear. No neural cell is believed to produce apoA-1, whereas
the brain capillary endothelial cells produce apoA-l, al-
though it is uncertain whether it is secreted into the CSF
(15, 16). Some authors propose that the apoA-I in the sys-
temic circulation is transported across the blood-brain
barrier (3, 4).

In addition to the production of apoE-HDL, astrocytes
interact with exogenous apoA-I to generate phospholipid-
rich and cholesterol-poor HDL (5, 17, 18). The physiolog-
ical relevance of this observation in human brain has been
supported by the facts that the apoA-I concentration in
CSF is high enough to carry this reaction (13, 14) and that
apoA-] dissociates from HDL to interact with the cells
(19). The cholesterol-rich apoE-HDL and cholesterol-poor
apoA-I-HDL may play differential roles in intercellular
cholesterol transport in the brain.

In a previous paper, we demonstrated transient translo-
cation of newly synthesized cholesterol and phospholipid
to the cytosol from the endoplasmic reticulum and Golgi
apparatus when exogenous apoA-l interacted with rat as-
trocytes and generated HDL (17, 20, 21). Transient trans-
location of caveolin-1 to the cytosol was also induced in a
similar time-dependent manner to the lipid translocation
(20). The lipids and caveolin-1 in the cytosol were recov-
ered along with cyclophilin A in the cytosolic fraction,
having the same density as plasma HDL [cytosolic lipid-
protein particle (CLPP)]. The CLPP is a particle composed
of proteins and lipids such as cholesterol, sphingomyelin,

Abbreviations: apoA-I, apolipoprotein A-I; apoE-KO mouse, apoE
knockout C57BL/6 mouse; CLPP, cytosolic lipid-protein particle; CSF,
cerebrospinal fluid; DG, diacylglyceride; DPBS, Dulbecco’s phosphate-
buffered saline; FCS, fetal calf serum; PI, phosphatidylinositol.
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and phosphatidylcholine with a diameter of 17-18 nm and
a density of 1.08-1.12 g/ml (20). Cyclosporin A, a cyclo-
philin A inhibitor, inhibited this apoA-l-induced transloca-
tion and also apoA-I'mediated cholesterol release. Caveo-
lin-1 is believed to play an important role in intracellular
cholesterol trafficking, so that it is rational to hypothesize
that CLPP is involved in the intracellular cholesterol trans-
port stimulated by extracellular apoA-] for the generation
of HDL. We attempted to investigate potential signaling
pathways in astrocytes for apoA-I to stimulate lipid traffick-
ing in relation to the function of CLPP. Protein kinase Ca
and its related signaling molecules were found associated
with this particle when cells were stimulated by apoA-1.
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Fig. 1. Redistribution by apolipoprotein A-I (apoA-I) of protein
kinase Co (PKCat) in astrocytes. A: Rat astrocytes were treated with
200 nM phorbol 12-myristate 13-acetate (PMA). The membrane frac-
tion protein (15 pg/lane) and the cytosol protein (50 wng/lane)
were analyzed for protein kinase Ca by immunoblotting. Transloca-
tion of protein kinase Ca was demonstrated from the cytosol to the
membrane. B: Astrocytes of rat, mouse, and apoE knockout C57BL/6
mouse (apoE-KO mouse) were incubated with 5 pg/ml apoA-I for
the indicated period of time in 0.02% BSA/F-10, 0.02% BSA/
DMEM, and 0.02% BSA/DMEM, respectively. The cytosol protein
(30 pg/lane) and the membrane protein (15 pg/lane) were ana-
lyzed for protein kinase Co. C: Astrocytes of an apoE-KO mouse were
incubated with 5 wg/ml apoE. The same analysis was performed for
protein kinase Cao.
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MATERIALS AND METHODS

Materials

ApoA-I was prepared from freshly isolated human HDL by de-
lipidation and anion-exchange chromatography according to the
method described elsewhere (22). ApoE was prepared from hyper-
lipidemic human plasma as previously described (23). Inhibitors of
receptor-coupled phospholipase C and its inactive analog, U73122
and U73343 (24), were purchased from WAKO Pure Chemical.

Cell culture

Astrocytes were prepared according to the method previously
described from the cerebrums of 17 day old fetal Wistar rat (25),
CH7BL/6 mouse, and apoE knockout C57BL/6 mouse (apoE-KO
mouse) purchased from Taconic/IBL (Germantown, NY/Fujioka,

A Signal-related enzymes
in astrocyte cytosol
PKCa apoh-i {-)
apoh-l (+)
PLCy apoh-i (-)
apoA-l (+)

caveolin-1 apoh-i (-)

apoh-l (+)
Fraction Number 1 2 3 4 5 6 7 8 9 10 11 12
CLPP
B .
PKCa in astrocyte cytosol
Control
apoh-i

apoh-l + U73122

b
FractionNumber 1 2 3 4 5 6 7 8 9 10 11 12
CLPP

Fig. 2. Redistribution by apoA-I of protein kinase Ca (PKCa) and
phospholipase Cy (PLCy) in cytosol of mouse astrocytes. A: After
washing and medium replacement with 0.02% BSA/DMEM, apoE-
KO mouse astrocytes were incubated with or without apoA-l (5 ug/
ml) for 5 min. The cytosol (350 ng protein/7 ml) was prepared
from the cells and centrifuged on the sucrose solution (18 ml) with
a density of 1.17 g/ml at 49,000 rpm for 48 h and separated into 12
fractions from the bottom. Protein was precipitated with 10% TCA
and analyzed by SDS-PAGE and Western blotting using rabbit anti-
protein kinase Ca, mouse anti-phospholipase Cv, and rabbit anti-
caveolin-1 antibodies. CLPP, cytosolic lipid-protein particle. B: The
cytosol (380 wg/7 ml) was prepared from apoE-KO mouse astro-
cytes treated with apoA-I (0 or 5 pg/ml) for 5 min with or without a
5 min pretreatment with 10 uM U73122. The cytosol was centri-
fuged as described in A and separated into 12 fractions from the
bottom. The 10% TCA-precipitated protein of each fraction was an-
alyzed by SDS-PAGE and Western blotting using rabbit anti-protein
kinase Ca.



Japan). After removal of the meninges, the cerebral hemisphere
was cut into small pieces and treated with 0.1% trypsin solution
in Dulbecco’s phosphate-buffered saline (DPBS) containing 0.15%
glucose (0.1% trypsin/DPBS/G) for 3 min at room temperature.
The cell pellets obtained by centrifugation at 1,000 rpm for 3
min were cultured in F-10 medium containing 10% fetal calf se-
rum (10% FCS/F-10) for rat astrocytes or 15% FCS/DMEM for
mouse astrocytes at 37°C for 1 week. The cells were treated with
0.1% trypsin/DPBS/G containing 1 mM EDTA again and then
cultured in 10% FCS/F-10 or 15% FCS/DMEM using a six-well
multiple tray for 1 week. Human fibroblast cell line WI-38 cells
(RIKEN Cell Bank) were grown in 10% FCS/DMEM.

Cytosol preparation and density gradient
ultracentrifugation analysis

Cytosol of astrocytes was prepared according to the method of
Thom et al. (26). Cell pellet was obtained by centrifugation at
1,000 rpm for 10 min after washing the cells with DPBS four
times and harvesting them with a rubber policeman. The pellet
was treated with cold 0.02 M Tris-HCI buffer, pH 7.5 containing
a protease inhibitor cocktail (Sigma) for 15 min, with 10 s of
strong agitation (25 times) every 5 min. The cell suspension was
centrifuged at 2,000 g for 20 min for preparation of the denu-
clear-supernatant fraction, and the supernatant was centrifuged
at 367,000 gfor 30 min at 4°C to obtain a cytosol fraction. The cy-
tosol (7 ml) was overlaid on top of the sucrose solution at the
density of 1.17 g/ml (18 ml) and centrifuged at 49,000 rpm for
48 h at 4°C using a Hitachi RP50T rotor. The solution in the cen-
trifuge tube was collected from the bottom into 12 fractions.
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Fig. 3. Phosphorylation of protein kinase Ca (PKCx) in apoA-1-
stimulated mouse astrocytes. A: The cytosol and membrane fractions
were prepared from mouse astrocytes pretreated with 5 ug/ml
apoA- for the indicated periods of time in fresh 0.02% BSA/DMEM.
Each sample was analyzed by SDS-PAGE (40 p.g/lane for the cytosol
fraction and 25 pg/lane for the membrane fraction) and Western
blotting using goat anti-phospho-protein kinase Ca at residue serine-
657 (Santa Cruz Biotechnology). B: The cytosol fraction (267 pg/7
ml) from the cells pretreated with or without apoA-1 (5 pg/ml) for
5 min was centrifuged at 49,000 rpm for 48 h on 1.174 g/ml su-
crose solution (18 ml) and separated into 12 fractions. Each frac-
tion was analyzed by SDS-PAGE and Western blotting using goat
anti-phospho-protein kinase Co at residue serine-657 after precipi-
tation with 10% TCA.

Ito et al.

Caveolae/rafts preparation from the membrane fraction

The membrane fraction was prepared by centrifugation at
17,000 g for 60 min or 367,000 g for 30 min from the denuclear-
supernatant fraction. The membrane pellet in 0.75 ml of 0.02 M
Tris-HCI buffer containing a protease inhibitor cocktail was soni-
cated six times every 10 s at level 6 with a Taitec UP-55 homoge-
nizer. After adjustment of the membrane solution to 30% su-
crose by adding 0.75 m! of 60% sucrose solution and mixing, 1.5
ml of 10% sucrose solution was overlaid, followed by centrifuga-
tion at 367,000 gfor 60 min. The sample was collected from the
bottom of the centrifugation tube into five fractions and ana-
lyzed by SDS-PAGE (0.5% SDS/12.5% polyacrylamide gel). The
caveolae/rafts fraction was recovered as fraction 3.

Western blotting

The membrane fraction was prepared and sonicated in 0.02 M
Tris-HCI buffer, pH 7.5, containing protease inhibitor cocktail
(Sigma). Protein was precipitated by centrifugation at 15,000
rpm for 20 min in the presence of 10% TCA from cytosol or the
sonicated membrane fraction. The resolubilized protein pellet
was applied to SDS-PAGE and transferred to a Sequi-Blot™ poly-
vinylidene fluoride membrane (Bio-Rad). The membrane was im-
munostained with rabbit anti-protein kinase Ca (Sigma), mouse
anti-phospholipase Cy (BD Transduction Laboratories), rabbit anti-
caveolin-1 (Santa Cruz Biochemistry), and goat anti-phospho-PK-
Co (Ser-657) (Santa Cruz Biochemistry) antibodies.

De novo syntheses and release of lipid

Astrocytes at a confluent cell density were washed with DPBS
four times and incubated in 0.1% BSA/F-10 for rat astrocytes or
0.1% BSA/DMEM for mouse astrocytes and WI-38 cells for 24 h.
To measure de novo syntheses and release of cholesterol and
phospholipid, the cells were incubated with [*H)acetate (20
wCi/ml; New England Nuclear) in fresh 0.02% BSA/F-10 or
0.02% BSA/DMEM for various periods of time. After the cells
were washed three times with cold DPBS, lipid was extracted
from the cells or from the conditioned medium with hexane-iso-
propanol (3:2, v/v) solvent mixture or chloroform-methanol (2:1,
v/v) mixture, respectively, and analyzed by TLC on Silica Gel-60
plates (E. Merck, Darmstadt, Germany) according to the method
previously described (27). The cells were incubated with [3H]ac-
etate (20 nCi/ml) or {MClglycerol (0.2 wCi/ml; Amersham Bio-
sciences) for various periods of time. The diacylglyceride (DG)
was extracted from the cells, followed by TLC with diethylether-
benzene-ethanol-acetic acid (200:250:10:1, v/v) solvent (16).

TABLE 1. Increase of DG production by apoA-I in mouse astrocytes
Apolipoprotein Membrane Cytosol Total

ApoA-l (—) 23,451 *+ 607 4,237 + 154 27,688 * 761
ApoA-T (+) 20,692 = 1,159 15,708 * 369 36,400 = 790

apoA-l, apolipoprotein A-I; DG, diacylglyceride. Mouse astrocytes
were pulse-labeled for 3 h with 20 p.Ci of [®*H]Jacetate in 1 ml of 0.02%
BSA/DMEM. After washing and medium replacement with fresh 0.02%
BSA/DMEM, the cells were incubated with or without 5 g/ml apoA-l
for 5 min. The denuclearsupernatant fraction was prepared as described
in Materials and Methods. The cytosol and total membrane fractions
were prepared by centrifugation at 367,000 gfor 30 min as the superna-
tant and the pellet, respectively. Lipid was extracted from the total
membrane fraction (62 pg of protein) and the total cytosol (347 pg/7
ml), and radioactivity in DG was determined after separation by TLC
according to the method described in Materials and Methods. Fach
value represents the average and SEM of triplicate samples in total dpm.

Cholesterol translocation signal initiated by apoA-I 2271



RESULTS

When rat astrocytes were stimulated with 200 nM phor-
bol 12-myristate 13-acetate, protein kinase Ca was translo-
cated from the cytosol to the membrane fraction (Fig.
1A). To our surprise, however, apoA-I induced the translo-
cation of protein kinase Ca in the reverse direction, from
the membrane to the cytosol fraction, in the astrocytes
prepared from rats, wild-type mice, and apoE-KO mice, at
2-10 min after stimulation (Fig. 1B). The effect of apoA-I
was smaller in wild-type mice than in apoE-KO mice, per-
haps because of baseline autocrine stimulation by apoE in
the former cells. This was confirmed by the effect of apoE
on the cells of an apoE-KO mouse to demonstrate the sim-
ilar translocation of protein kinase Ca to that by apoA-1
(Fig. 1C). This result also indicated that the reaction is
not apoA-I-specific and seems helical apolipoprotein-spe-
cific. A small increase of the membrane-bound enzyme
was observed by long-term incubation in the apoE-KO
cells for an unknown reason.

The cytosol was analyzed by density gradient ultracen-
trifugation for change in the distribution of protein ki-
nase Ca after the 5 min stimulation by apoA-I in apoE-KO
mouse astrocytes, because the increase of protein kinase
Ca by apoA-1 was most prominent in this type of cell. Fig-
ure 2A demonstrates that protein kinase Ca increased in
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the CLPP fractions (fractions 8-10) by apoA-I stimulation
for 5 min. Interestingly, phospholipase Cvy also increased
in the same fraction at 5 min after apoA-I stimulation. Ca-
veolin-1 was recovered in this fraction and apoA-I caused
its further increase, consistent with our previous findings
with rat astrocytes (20). The increase of protein kinase Ca
in the CLPP fraction was reversed by a receptor-coupled
phospholipase C inhibitor, U78122 (Fig. 2B). Faint bands
of protein kinase Ca were also observed in the lower den-
sity fractions of the control cells and the U73122-treated
cells. These fractions are to be investigated further.

Itis an important question whether protein kinase Ca is
activated when it is translocated to CLPP by apoA-I stimu-
lation. The activity of protein kinase Ca is reportedly asso-
ciated with its phosphorylation at the serine-657 residue
(28). The phosphorylated enzyme was probed by a specific
antibody, and it increased in the astrocyte cytosol of apoE-
KO mouse after the 5 min stimulation by apoA-I (Fig. 3A).
When the cytosol was analyzed by density gradient ultra-
centrifugation, the phosphorylated protein kinase Co was
increased in the CLPP fractions (fractions 8-10), although
a major portion of the phosphorylated enzyme was in the
heavier fraction (fractions 6 and 7) (Fig. 3B).

As apoA-I may initiate signal transduction, the produc-
tion of DG was monitored in mouse astrocytes when apoA-1
was added to the medium (5 pg/ml) (Table 1). DG pro-
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cytes. A: Mouse astrocytes were pulse-labeled for 3 h with 20 p.Ci of [3H]acetate in 1 ml of DMEM medium
containing 0.02% BSA (0.02% BSA/DMEM). After three complete washes with Dulbecco’s phosphate-buff-
ered saline containing 0.15% glucose (DPBS/G), the cells were incubated for 60 min in fresh 0.02% BSA/
DMEM. ApoA-I (5 pg/ml) was added to the medium at 0, 30, 50, 55, 58, and 60 min after the start of the in-
cubation, to make the incubation periods with apoA-I 60, 30, 10, 5, 2, and 0 min. Lipid was then extracted
with hexane-isopropanol (3:2) from the whole cells and separated by TLC. Radioactivity was determined for
DG, sphingomyelin (SPM), and phosphatidylcholine (PC). Each data point represents the average and SEM
of triplicate samples. B: Rat astrocytes were treated with (dotted columns) or without (open columns) apoA-I
(5 ng/ml) in 0.02% BSA/F-10 in the presence or absence of U73122 (10 uM) or U73343 (10 pM) for 2 h.
After three washes with DPBS, the cells were incubated for 1 h with 0.2 wCi/ml ["*Clglycerol in fresh 0.02%
BSA/F-10. Lipid was extracted from the cells and separated by TLC. Radioactivity was determined for DG.
Each data point represents the average and SEM of triplicate samples. C: Mouse astrocytes were pulse-labeled
for 3 h with 20 wCi/ml [3H]acetate in 0.02% BSA/DMEM and washed three times with DPBS. The cells
treated with U73122 (10 M) or U73343 (10 pM) in 0.02% BSA/DMEM for 30 min were incubated with
apoA-l (0.5 pg/ml) for b min. After washing, lipids were extracted from the cells and analyzed by TLC, and
radioactivity was determined for DG. The data are expressed as the ratio of DG synthesis with apoA-I against
that without apoA-I. Data represents mean * SE for three measurements.
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duction transiently increased at 5 min of incubation with
apoA-l (Fig. 4A). This is distinct from the sphingomyelin
replenishment reaction to generate DG with respect to
the time course (21). This rapid and transient increase of
DG implied the involvement of phosphatidylinositel (PI)
turnover and the activation of phospholipase Cry. This view
was supported by the finding that U73122 suppressed the
increase of DG production by apoA-I but U73343, an inac-
tive analog of U73122, did not (Fig. 4B, C). These findings
were also identical in human fibroblast WI-38 (Fig. 5). The
site of this DG increase was analyzed in mouse astrocytes
(Fig. 6). DG in the membrane fraction was mainly local-
ized in the caveolin-1-rich caveolae/rafts fraction and did
not show significant change by apoA-I stimulation (Fig.
6A). On the other hand, cholesterol and phosphatidyl-
choline in the cytosol were recovered in the fraction at a
density of 1.07~1.12 g/ml (CLPP) (Fig. 6B). Unlike our pre-
vious finding in rat astrocytes under stimulation by apoA-1
for 90 min (20), treatment of the cells with apoA-I for 5
min was not long enough to cause significant translo-
cation of cholesterol and phospholipid to this fraction.
However, apoA-I induced the increase of DG in this frac-
tion by 5 min incubation (Fig. 6C). U73122 canceled the
apoA-IHinduced cholesterol translocation to the cytosol
and its release by apoA-I (Fig. 7).

DISCUSSION

We recently reported that exogenous apoA-l induces
the transient translocation of caveolin-1 and newly synthe-
sized cholesterol to CLPP that also contains cyclophilin A
in rat astrocytes (20). As many previous reports indicated
that helical apolipoproteins, especially apoA-I, initiate in-
tracellular signal transduction (29, 30), it is important to
clarify whether this cholesterol translocation is induced by
a specific signal(s) or by other mechanism such as a meta-
bolic cascade triggered by the removal of lipid by apolipo-
protein (31). We here investigated the association of sig-
nal-relating molecules with CLPP induced by apoA-l in
astrocytes, indicating the potential involvement of this
particle in signal transduction to mobilize cholesterol for
the generation of HDL.

The results are summarized as follow. I) ApoA-I rapidly
induced the translocation of phospholipase Cy and pro-
tein kinase Co to the CLPP fraction, and the latter was
phosphorylated. The translocation of protein kinase Ca
was inhibited by a receptor-coupled phospholipase C in-
hibitor, U73122. 2) DG transiently increased by apoA-I at
the 5 min incubation, and this increase was suppressed by
U73122. The increase of DG was not observed in the
membrane fraction but in the CLPP fraction. 3) U73122
also suppressed both the apoA-I-mediated cholesterol re-
lease and related changes in cholesterol metabolism, such
as cholesterol translocation to the cytosol.

These findings are consistent with the view that apoA-]
initiates rapid signal transduction by receptor-coupled
phospholipase C-mediated DG production, presumably
through a PI turnover pathway. In most of the initiation of

Tio et al.

signal transduction, the activation of phospholipase Cvy
occurs through the interaction of its SH-2 domain with a
receptor that is tyrosine-autophosphorylated by binding a
specific ligand, and DG is generated in the plasma mem-
brane through the enhancement of PI turnover (32). There-
fore, activation of the signaling pathway is associated with
translocation of the signal-related enzymes from the cyto-
sol to the membrane. To our surprise, apoA-I induced the
translocation of phospholipase Cy from the membrane to
the cytosol in astrocytes. Further analysis of the cytosol re-
vealed that the increase was in the CLPP fraction, and the
increase of DG also takes place in this fraction rather than
in the membrane. It is still unknown whether phospholi-
pase Cv is translocated to CLPP after its activation in the
plasma membrane or is activated in the CLPP after the
translocation. We were unable to detect the tyrosine-phos-
phorylated phospholipase Cy in CLPP (data not shown).
Nevertheless, it appears reasonable to assume that DG is
generated in the CLPP fraction by the phospholipase Cry
translocated to this fraction. At present, we do not know
the mechanisms by which phospholipase Cy is translo-
cated to CLPP and its activation. Phospholipase Cy has a
pleckstrin homology domain to bind PI 4,5-bisphosphate
selectively (33). If PI turnover is triggered to produce this
molecule in the CLPP by apoA-l stimulation, phospholi-
pase Cy may then be translocated to the CLPP. Also, we
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Fig. 5. Increase of DG production by apoA-I and the effect of
U73122 on DG production in WI-38 cells. WI-38 cells were pulse-
lIabeled for 3 h with 20 wCi of [®H]acetate in 1 ml of 0.02% BSA/
DMEM. The cells were incubated with apoA-I (5 pg/ml) for 0, 2, 5,
10, 30, and 60 min as described for Fig. 4A. Lipid was then extracted
from the whole cells and separated by TLC for the determination of
DG, sphingomyelin (SPM), and phosphatidylcholine (PC). Each
data point represents the average and SEM of triplicate samples. In
the inset, WI-38 cells were treated with (dotted columns) or without
(open columns) apoA-I (5 pg/ml) in 0.02% BSA/DMEM in the
presence or absence of U73122 (10 uM) or U73343 (10 wM) for 2 h.
After washing three times with DPBS, the cells were incubated for
1 h with 20 wCi/ml [3H]acetate in fresh 0.02% BSA/DMEM with or
without U73122 or U73433. Lipid was extracted from the cells and
separated by TLC for DG determination. Each data point represents
the average and SEM of triplicate samples.
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Fig. 6. Increase of DG by apoA-I in the cytosol of astrocytes.
Mouse astrocytes were pulse-labeled for 3 h with 20 wGi of [3H]ace-
tate in 1 ml of 0.02% BSA/DMEM and then treated with (closed
symbols) or without (open symbols) 5 pug/ml apoA-I for 5 min after
washing and medium replacement with fresh 0.02% BSA/DMEM.
The denuclear-supernatant fraction was prepared from the cells ac-
cording to the method described in Materials and Methods. The cy-
tosol and total membrane fractions were prepared by centrifuga-
tion at 367,000 g for 30 min as the supernatant and the pellet,
respectively. A: The membrane fraction (60 p.g of protein) was son-
icated and analyzed by ultracentrifugation as described in Materials
and Methods. The samples were separated into a pellet fraction
(fraction 1) and five fractions (fractions 2—6 from the bottom to the
top). Each fraction was subjected to SDS-PAGE and analyzed by
Western blotting using a rabbit anti-caveolin-1 antibody (gel at bot-
tom). Lipid was extracted from each membrane fraction and ana-
lyzed by TLC to determine radioactivity in DG. B and C: The cyto-
sol fraction (850 wg protein/7 ml) was overlaid on top of the
sucrose solutions at a density of 1.17 g/ml (18 ml) and centrifuged
at 49,000 rpm for 48 h. The solution in the centrifuge tube was col-
lected from the bottom into 12 fractions, and lipids were extracted.
Radioactivities of phosphatidylcholine (PC; circles) and cholesterol
(CH; triangles) (B) and of DG (C) were determined after the lipid
was separated by TLC.
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Fig. 7. Effects of U73122 on cholesterol trafficking in mouse as-
trocytes. A: The cells were pulse-labeled for 3 h with 20 uCi of
[®H]acetate in 1 ml of 0.02% BSA/DMEM followed by washing and
medium replacement with fresh 0.02% BSA/DMEM containing 1
mM sodium acetate. The cells were treated with (dotted columns)
or without (open columns) 5 pug/ml apoA-I in the presence or ab-
sence of U73122 (10 pM) or U73343 (10 M) for 90 min. After
washing, the cytosol was prepared and lipid was extracted. Radioac-
tivity of cholesterol was determined after separation of lipid by
TLC. B: The cells were labeled for 16 h with 20 wCi/ml [®*H]acetate
in 0.02% BSA/DMEM, and the medium was replaced with fresh
0.02% BSA/DMEM containing 1 mM sodium acetate. The cells
were incubated with (dotted columns) or without (open columns)
5 wg/ml apoA-l in the presence or absence of U73122 (10 uM) or
U73343 (10 uM) for 4 h. Lipids were extracted from the condi-
tioned medium, and radioactivity in cholesterol was determined.

cannot completely exclude the possibility of the participa-
tion of phospholipase Cf in DG production.

The increase of DG production by apoA-I was accompa-
nied by the translocation of protein kinase Ca to the cyto-
sol in the astrocytes of rat, mouse, and apoE-KO mouse.
Thus, the reactions seem to be independent of the influ-
ence of endogenously synthesized apoF in astrocytes. The
increase of protein kinase Ca in the cytosol was again ex-
clusively in the CLPP fraction, U73122 inhibited the trans-
location of protein kinase Ca to CLPP, so that it is reason-
able to assume that this translocation occurs downstream



