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Abstract The astrocytes prepared by 1 week secondary cul-
ture after 1 month primary culture of rat brain cells (M/W
cells) synthesized and secreted apolipoprotein E (apoE) and
cholesterol more than the astrocytes prepared by conven-
tional 1 week primary and 1 week secondary culture (W/W
cells) (Ueno, S., J. Ito, Y. Nagayasu, T. Furukawa, and S.
Yokoyama. 2002. An acidic fibroblast growth factor-like fac-
tor secreted into the brain cell culture medium upregulates
apoE synthesis, HDL secretion and cholesterol metabolism
in rat astrocytes. 
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261–272). M/W
cells also highly expressed fibroblast growth factor-1 (FGF-1)
mRNA. FGF-1 was identified in the cell lysate of both cell
types, but M/W cells released more of it into the medium.
Immunostaining of FGF-1 and apoE revealed that both lo-
calized in the cells that produce glial fibrillary acidic pro-
tein. The conditioned media of M/W cells and FGF-1 stimu-
lated W/W cells to release apoE and cholesterol to generate
more HDL. Pretreatment with a goat anti-FGF-1 antibody or
heparin depleted the stimulatory activity of M/W cell-condi-
tioned medium. The presence of the anti-FGF-1 antibody in
the medium suppressed apoE secretion by M/W cells. Dif-
ferential inhibition of signaling pathways suggested that FGF-1
stimulates apoE synthesis via the phosphoinositide 3-OH ki-
nase for PI3K/Akt pathway. Thus, astrocytes release FGF-1,
which promotes apoE-HDL production by an autocrine mech-
anism.  These results are consistent with our in vivo obser-
vation that astrocytes produce FGF-1 before the increase of
apoE in the postinjury lesion of the mouse brain (Tada, T., J.
Ito, M. Asai, and S. Yokoyama. 2004. Fibroblast growth fac-
tor 1 is produced prior to apolipoprotein E in the astrocytes
after cryo-injury of mouse brain. 
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The brain cells are segregated from lipoproteins in the
systemic circulation by the blood-brain barrier, so that cho-
lesterol homeostasis in the brain is dependent on its spe-
cific extracellular lipid transport system by apolipoproteins
and lipoproteins (1–5). Helical apolipoproteins such as
apolipoprotein E (apoE), apoA-I, apoD, apoA-IV, and apoJ
have been identified in the cerebrospinal fluid as compo-
nents of HDL, but the main apolipoproteins are apoE and
apoA-I (6–10). The phenotype of human brain apoE does
not change after liver transplantation, so that brain apoE
is mostly produced in the brain (11).

It is known that apoE is produced mainly by astrocytes
and partly by microglia in the brain, suggesting that astro-
cytes play an important role in cholesterol homeostasis in
the central nervous system (5, 10, 12–16). Astrocytes pro-
duce cholesterol-rich HDL with cellular lipid by autolo-
gously synthesized apoE (8, 17). They also react with exog-
enous apoA-I to generate cholesterol-poor HDL through
a unique system for intracellular cholesterol transport (18–
20). Like plasma HDL, ATP binding cassette transporter
A1 supports such production of brain HDL, although other
pathways may also function as backup systems (21, 22).
These lipoproteins are thought to play important roles in
intercellular lipid transport in the brain. It has been noted
that apoE synthesis is upregulated in the brain during de-
velopment and after injury (13, 23–31), and this reaction
is likely to be involved in the healing process of the injury
(32–35).

Four types of apoE binding receptor are identified in
the brain: very low density lipoprotein receptor, low den-
sity lipoprotein receptor, low density lipoprotein receptor-
related protein, and apoE receptor-2; thus, apoE is thought
to function as a recognition site of lipoproteins for lipid

 

Abbreviations: apoE, apolipoprotein E; DPBS, Dulbecco’s phosphate-
buffered saline; FCS, fetal calf serum; FGF-1, fibroblast growth factor-1;
GFAP, glial fibrillary acidic protein; PI3K, phosphoinositide 3-OH ki-
nase; TBS, salined 0.02 Tris-Hcl buffer.

 

1 

 

To whom correspondence should be addressed.
e-mail: syokoyam@med.nagoya-cu.ac.jp

 

Manuscript received 17 August 2004.

Published, JLR Papers in Press, January 1, 2005.
DOI 10.1194/jlr.M400313-JLR200

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


 

680 Journal of Lipid Research

 

Volume 46, 2005

 

delivery among brain cells (36, 37). However, some of them
are also likely to mediate signals for the migration of brain
cells during the developmental integration of the brain
(38).

We reported previously that astrocytes prepared by 1
month primary culture of rat fetal brain cells and subse-
quent 1 week secondary culture (M/W cells) synthesized
and secreted apoE and cholesterol more actively than as-
trocytes prepared according to the conventional method
of 1 week primary and 1 week secondary culture (W/W
cells) (39). A fibroblast growth factor-1 (FGF-1)-like factor
is secreted by the long-cultured rat fetal brain cells, and
their conditioned media stimulated W/W astrocytes for
the secretion of apoE. We also found that FGF-1 is pro-
duced by astrocytes adjacent to the cryoinjury lesions of
mouse brain before the increase of apoE synthesis in vivo
(40). We identified a promoter polymorphism of FGF-1
related to risk for Alzheimer’s disease (41). Thus, we hy-
pothesize that FGF-1 is a trigger stimulant of apoE synthe-
sis and generation of HDL in the postinjury brain, pre-
sumably by an autocrine mechanism. In the present work,
we attempted to identify the cells that secrete FGF-1 in the
culture system and demonstrate an autocrine mechanism
for this factor to stimulate apoE-HDL production. This is
an important process to identify the triggering mecha-
nism for the production of apoE and its HDL in the
postinjury brain for recovery from damage.

MATERIALS AND METHODS

 

Preparation of fetal rat astrocytes

 

Astrocytes were prepared from the 17 day fetal brain of Wistar
rats according to the method previously described (42). After re-
moval of the meninges, the brain was cut into small pieces and
treated with 0.1% trypsin solution in Dulbecco’s phosphate-buff-
ered saline (DPBS) containing 0.15% glucose (0.1% trypsin/
DPBS/G) for 3 min at room temperature. The cell pellet by cen-
trifugation at 1,000 rpm for 3 min was cultured in F-10 medium
containing 10% fetal calf serum (10% FCS/F-10) at 37

 

�

 

C for 4
weeks as a primary culture. After treatment with 0.1% trypsin/
DPBS/G containing 1 mM ethylenediaminetetraacetic acid, the
cells were cultured in 10% FCS/F-10 for 1 week as a secondary
culture (M/W cells). Alternatively, astrocytes were prepared by a
conventional method of 1 week primary and subsequent 1 week
secondary culture (W/W cells). Both preparations contained 95%
astrocytes [glial fibrillary acidic protein (GFAP)-positive], 0.3%
oligodendroglias (anti-myelin basic protein-positive), and 3% mi-
croglias (ED-1-positive) (39).

 

Synthesis and release of cellular cholesterol

 

Rat astrocytes at a confluent stage were washed with DPBS four
times and incubated in 0.1% BSA/F-10 for 24 h. The cells were
incubated with [

 

3

 

H]acetate (New England Nuclear) in fresh 0.02%
BSA/F-10 for certain periods of time. For the lipid-release exper-
iments, the cells were washed three times with cold DPBS and
further incubated in fresh 0.02% BSA/F-10 in the presence of 1 mM
acetate. Cholesterol was extracted from the cells and the condi-
tioned medium with hexane-isopropanol (3:2, v/v) and chloro-
form-methanol (2:1, v/v), respectively, and separated by TLC on
Silica Gel-60 plates (E. Merck, Darmstadt, Germany). Radioactiv-
ity in the cholesterol fraction was counted (43). The medium was

also analyzed by density gradient ultracentrifugation as described
previously (17). After removing cell debris by centrifugation, the
medium (8 ml) was overlaid on the sucrose solution (d 

 

�

 

 1.175;
17 ml) and centrifuged at 1 

 

�

 

 10

 

5

 

 

 

g

 

 for 48 h. Samples were fraction-
ated and analyzed for cholesterol mass by the enzymatic colori-
metric method (44) and for apoE by Western blotting (see below).

 

Analysis of cell and medium protein by Western blotting

 

The cells were harvested with a rubber policeman after washing
four times with DPBS. The cell pellet by centrifugation at 1,000
rpm for 10 min was treated with cold and salined 0.02 M Tris-HCl
buffer, pH 7.5 (TBS), containing the protease inhibitor cocktail
(Sigma) for 10 min with 25 agitations for 10 s every 5 min. The
suspension was centrifuged at 3,000 rpm for 10 min for removal
of nuclei and cell debris. The supernatant was sonicated and cen-
trifuged at 370,000 

 

g

 

 for 30 min to obtain supernatant as a cell
protein extract fraction. Cell debris was removed from the condi-
tioned medium by centrifugation at 15,000 rpm for 30 min. Pro-
tein in the cell extract or in the conditioned medium was precip-
itated by 10% trichloroacetate and centrifugation at 15,000 rpm
for 20 min, separated by SDS-PAGE, and transferred to a Sequi-
Blot™ polyvinylidene difluoride membrane (Bio-Rad). The mem-
brane was immunostained with a goat anti-FGF-1 antibody (Santa
Cruz Biotechnology) and a rabbit antibody against rat apoE, a
generous gift from Dr. Jean Vance (University of Alberta).

 

Reverse transcription-polymerase chain reaction

 

Total cellular RNA was extracted from rat astrocytes with Isogen
(Wako Life Science) and reverse-transcribed to generate cDNA in
a SuperScript Preamplification System (Gibco BRL). The cDNA was
subjected to PCR using the DNA probes for rat apoE mRNA and
FGF-1 mRNA as described in the previous paper (39). After elec-
trophoresis of the products, an agarose gel was stained with freshly
prepared SYBR Gold nucleic acid gel stain solution. The band
was detected by an ultraviolet transilluminator (UVP NLM-20E)
at 302 nm. The apoE primer pairs were 5

 

�

 

-GCGCACCTCCTC-
CATCTCCTC-3

 

�

 

 (sense) and 5

 

�

 

-AGGATCTATGCAACCGACTCG-
3

 

�

 

 (antisense). The FGF-1 primers were 5

 

�

 

-AAGCCCGTCGGTGT-
CCATGG-3

 

�

 

 and 5

 

�

 

-GATGGCACAGTGGATGGGAC-3

 

�

 

.

 

Immunocytostaining of astrocytes

 

Astrocytes on a tissue culture chamber/slide (Mikes Scientific)
were washed with DPBS and fixed with 100% methanol at 

 

�

 

20

 

�

 

C
for 30 min. The cells were treated with 1% Triton X-100 in 0.02 M
phosphate buffered saline at room temperature for 2 min after
washing with DPBS. The cells were washed with DPBS again,
treated with goat anti-FGF-1 antibody, or rabbit anti-rat apoE an-
tibody, at room temperature for 60 min and washed. After incu-
bation with biotin-conjugated anti-goat IgG, or anti-rabbit IgG
antibody (Histofine) for 30 min at room temperature, the
cells were washed, treated with peroxidase-conjugated strepta-
vidin (Histofine) for 15 min, and then washed. The cells were
stained by reaction with 0.01% 3,3

 

�

 

-diaminobenzidine tetrahy-
drochloride (Dojindo)/0.03% H

 

2

 

O

 

2

 

/0.05 M Tris buffer, pH 7.5,
for 5 min at room temperature.

Alternatively, M/W astrocytes were fluorescence immuno-
stained after being fixed in organic solution composed of metha-
nol, chloroform, and acetic acid (6:3:1) at 

 

�

 

20

 

�

 

C for 3 h. After
washing with cold TBS, the cells were reacted with either goat
anti-FGF-1 or goat anti-rat apoE antibody (Santa Cruz Biotech-
nology) and mouse anti-GFAP antibody (BD Transduction Labo-
ratories) in TBS containing 3% donkey serum and 3% horse se-
rum at room temperature for 1 h. The cells were reacted with
rhodamine-conjugated donkey anti-goat IgG antibody (Chemicon
International) or fluorescein-conjugated horse anti-mouse IgG
antibody (Vector Laboratories) in the presence of 3% donkey or
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3% horse serum, respectively, at room temperature for 1 h after
washing three times with TBS. The cells were observed by laser
scanning confocal microscopy (LSM5; Zeiss, Jena, Germany).

 

Analysis of signaling pathways

 

For the analysis of the FGF-1-initiated signals to stimulate
apoE synthesis, rat astrocytes (W/W cells) were washed, replaced
with 0.1% BSA/F-10, and incubated for 24 h with FGF-1 (50 ng/
ml) in the presence or absence of an inhibitor of phosphoinosi-
tide 3-OH kinase (PI3K), for PI3K, LY294002 (10 

 

�

 

M; Calbio-
chem), or an inhibitor of MEK, U0126 (10 

 

�

 

M; Calbiochem).
The cells were further incubated in the same condition in fresh
0.02% BSA/F-10 for 8 h and then in 0.02% BSA/F-10 for 16 h af-
ter washing. The conditioned medium was centrifuged at 15,000
rpm for 60 min to remove cell debris, treated with 10% TCA, and
centrifuged at 15,000 rpm for 20 min. The pellet was analyzed by
SDS-PAGE and Western blotting using rabbit anti-rat apoE anti-
body. Phosphorylation of Akt by FGF-1 was also examined. After
the cells were incubated with FGF-1 (50 ng/ml) in fresh 0.02%
BSA/F-10 for 5 min, the cytosol was prepared as a supernatant of
the cell treatment in 0.02 M Tris-HCl buffer, pH 7.5, containing
protease inhibitor cocktail (Sigma) for 10 min with 10 s of agita-
tion 25 times every 5 min and centrifugation at 90,000 rpm for
30 min. The cytosol protein precipitated with 10% TCA was
analyzed by SDS-PAGE and Western blotting using mouse anti-
protein kinase B (PKB) 

 

�

 

/Akt antibody (BD Transduction Labo-
ratories) and rabbit anti-phospho-Akt (Thr-308) antibody (Cell
Signaling Technology).

 

RESULTS

During long-term culture of the rat brain cells, a large
number of neurites were identified at 1 week, and astro-
cytes became predominant after 2–3 weeks, when neurons
were hardly identified (

 

Fig. 1A

 

). Expression of the FGF-1
message was not apparent at 1 week primary culture and
was markedly increased after 3 weeks (Fig. 1B). These find-
ings indicated that FGF-1 was produced by astrocytes rather
than neurons during the long-term primary culture of brain
cells.

To identify the cells that produce FGF-1 and apoE more
specifically, immunostaining was performed for FGF-1 and
apoE in various astrocyte preparations by 1 week second-
ary culture after primary culture of the brain cells for 1, 2,
and 4 weeks (

 

Fig. 2

 

). The increase of FGF-1 and apoE was
observed in cells prepared after primary culture for both
2 and 4 weeks (Fig. 2A–C, 2E–G). In the astrocyte prepara-
tion of 4 week primary and 1 week secondary culture (M/W
cells), a group of cells were found with an appearance of
“type 2” astrocyte-like cells. Both proteins were also identi-
fied in these cells (Fig. 2D, H).

M/W cells were further analyzed by fluorescence immu-
nostaining to confirm that both FGF-1 and apoE were pro-
duced by astrocytes. 

 

Figure 3

 

 shows that FGF-1 and apoE
were both immunochemically identified in the GFAP-posi-
tive cells.

M/W cells were examined for the production and se-
cretion of FGF-1. The conditioned media of the brain cell
primary culture and of the astrocyte preparations were ex-
amined for effects on the astrocytes prepared by a conven-
tional method of 1 week primary and 1 week secondary

culture (W/W cells) (

 

Fig. 4

 

). The medium of the primary
culture for 2, 3, and 4 weeks and that of M/W cells stimu-
lated apoE secretion from W/W cells (Fig. 4A). The astro-
cytes after 1 week primary and 4 week secondary culture
(W/M cells) also generated the conditioned medium to
stimulate apoE secretion. Stimulation of cholesterol re-
lease from W/W cells by M/W cell-conditioned medium
was neutralized by pretreatment of the medium with anti-
FGF-1 antibody-Sepharose and with heparin-Sepharose
(Fig. 4B). This finding is consistent with the results with
the conditioned medium of long-cultured whole brain
cells (39).

The effect of FGF-1 was further analyzed in the experi-
ments shown in 

 

Fig. 5

 

. Density gradient analysis of the me-
dium revealed an increase of HDL production by astrocytes
(W/W cells) when stimulated by FGF-1 (Fig. 5A). There
was no shift of the density peak of HDL with this change.
Figure 5B demonstrates the distribution of apoE in the
density fractions. The increase of apoE by FGF-1 was ob-
served coincidentally with the cholesterol peak.

The message and protein of FGF-1 in M/W astrocytes
were examined. M/W cells expressed a greater level of
FGF-1 mRNA than did W/W cells (

 

Fig. 6A

 

). On the other
hand, a similar amount of FGF-1 was detected as a 16.5
kDa protein in the heparin-bound fraction of the extracts

Fig. 1. Expression of fibroblast growth factor-1 (FGF-1) mRNA in
rat fetal brain cells. A: Microscopic appearance of rat fetal brain cells
in primary culture for 3 days, 1 week, and 3 weeks. B: FGF-1 mRNA.
Total cellular RNA was prepared with Isogen (Wako Life Science)
from brain cells in primary culture for 1 week (1W/P), 3 weeks
(3W/P), and 4 weeks (4W/P) and from astrocytes prepared by con-
ventional 1 week primary and 1 week secondary culture (W/W).
Total mRNA (5 �g) was reverse-transcribed to cDNA using the Su-
perScript Preamplification System (Gibco BRL) for 10 min at 25�C,
for 50 min at 50�C, and for 15 min at 70�C, and 0.5 �g of cDNA
product was amplified using FGF-1 primers (5�-AAGCCCGTCGGT-
GTCCATGG-3� and 5�-GATGGCACAGTGGATGGGAC-3�) for 30
cycles.  by guest, on June 14, 2012
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of both W/W and M/W cells by Western blotting analysis
using an anti-FGF-1 antibody (Fig. 6B). However, a much
greater amount of this protein was secreted into the cul-
ture medium by M/W cells than by W/W cells, as iden-

tified by immunoprecipitation with anti-FGF-1 antibody
(Fig. 6C). Furthermore, secretion of apoE by M/W cell
was markedly decreased when the cells were exposed to
an anti-FGF-1 antibody during the detection period (Fig.

Fig. 2. Immunostaining of FGF-1 and apolipoprotein E (apoE) in astrocytes. The cells were prepared by 1
week secondary culture after primary culture for 1 week (A, E), 2 weeks (B, F), or 4 weeks (C, D and G, H) of
rat fetal brain cells. In the preparations of 4 week primary and 1 week secondary culture, C and G represent
the fields in which ordinary astrocytes (type 1) are predominant and D and H represent the fields in which
cells with type 2-like appearance are predominant. The cells were immunostained with rabbit anti-rat apoE
antibody (A–D) or goat anti-FGF-1 antibody (E–H) as described in Materials and Methods.

Fig. 3. Immunostaining of M/W cells. A: The cells were im-
munostained using goat anti-FGF-1 and mouse anti-glial fibril-
lary acidic protein (GFAP) antibodies and visualized with rho-
damine-conjugated donkey anti-goat IgG antibody (Chemicon
International) and fluorescein-conjugated horse anti-mouse
IgG antibody (Vector Laboratories), respectively. The cells
were observed by laser scanning confocal microscopy (LSM5;
Zeiss, Jena, Germany). B: The cells were treated in the same
manner except that goat anti-rat apoE antibody was used in-
stead of anti-FGF-1 antibody.
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6D). Thus, we concluded that M/W astrocytes produce and
secrete FGF-1 and that the secreted FGF-1 stimulates the cells
to produce and secrete apoE by an autocrine mechanism.

Signaling pathways for the stimulation of apoE synthesis
by FGF-1 were examined. The increase of apoE secretion
by FGF-1 was suppressed by LY294002, a PI3K/Akt inhibitor,
but not by U0126, a MEK inhibitor (

 

Fig. 7A

 

). Phosphory-

lation of Akt in cytosol was in fact induced by FGF-1 (Fig.
7B). Thus, FGF-1 stimulates apoE synthesis via the PI3K/
Akt pathway rather than by the Ras/MEK/Erk pathway.

DISCUSSION

We previously reported that FGF-1-like factor is secreted
by 4 week primary cultured rat brain cells into the culture
medium and enhances the production and secretion of
apoE and cholesterol/phospholipid in W/W cells (39).
We also discovered in vivo that FGF-1 is produced before
the production of apoE in astrocytes after cryoinjury of
the mouse brain (40). From these findings, we hypothe-
sized that FGF-1 is one of the trigger factors for the pro-
duction and release of apoE and apoE-HDL in astrocytes
after brain injury and that it is released by astrocytes them-
selves to carry this reaction in an autocrine manner. In the
present study, we further investigated this reaction in vitro
to demonstrate that astrocytes are in fact capable of releas-
ing FGF-1 and autostimulating apoE-HDL production.

The results summarized below led us to conclude that
M/W astrocytes release FGF-1 and stimulate the produc-
tion of apoE-HDL by an autocrine reaction. 

 

1

 

) The astro-
cytes prepared by 1 month primary and 1 week secondary

Fig. 4. FGF-1-like activity in conditioned media. A: The effect of
the conditioned media of the various brain cells and astrocytes on
the secretion of apoE by W/W cells. The conditioned media were
prepared from the primary culture for 2 weeks (2W; 356 �g cell
protein/ml/well) and 4 weeks (4W; 644 �g/ml/well) of W/W cells
(W/W; 142 �g/ml/well) and from M/W cells (M/W; 409 �g/ml/
well) and W/M cells prepared by 1 week primary and 4 week sec-
ondary culture (W/M; 376 �g/ml/well). W/W cells were incu-
bated with each conditioned medium (500 �l in 1 ml of culture me-
dium) for 24 h. After washing and replacement with fresh 0.02%
BSA/F-10 medium, the 16 h cultured medium was analyzed by im-
munoblotting for apoE. B: Effect of treatment with anti-FGF-1 anti-
body or heparin of the conditioned medium of M/W cells on its
stimulatory effects on W/W cells for the release of cholesterol. M/W-
CM, M/W cell conditioned medium; CM/IgG, the medium pre-
treated with normal rabbit IgG-bound protein G-Sepharose; CM/
Heparin, heparin-Sepharose CL-6B (Amersham Pharmacia); CM/
anti-FGF-1, goat anti-FGF-1 antibody-bound protein G-Sepharose
(Amersham Biosciences) at room temperature for 2 h. W/W cells
were incubated with or without 500 �l of M/W-CM or pretreated
M/W-CM for 24 h and washed, followed by incubation with 20 �Ci/
ml [3H]acetate in 1 ml of 0.02% BSA/F-10 for 16 h. After washing
three times with Dulbecco’s phosphate-buffered saline (DPBS), the
cells were incubated for 16 h in fresh 0.02% BSA/F-10. The lipid
extracted from the conditioned medium was analyzed by TLC to
determine radioactivity in cholesterol. Each column represents the
average and standard error of triplicate samples.

Fig. 5. Increase of apoE-HDL production by rat astrocytes stimu-
lated by FGF-1. Rat astrocytes were incubated with or without FGF-1
(50 ng/ml) for 24 h and washed, and the conditioned medium was
analyzed by density gradient ultracentrifugation after removal of
cell debris as described in the text. A: Cholesterol mass was mea-
sured as described in the text. Open circles with solid lines indicate
the conditioned medium without FGF-1, and closed circles with
broken lines represent the conditioned medium with FGF-1. Lines
without symbols represent the density of the fractions. B: The same
sample fractions were analyzed for apoE by Western blotting as de-
scribed in the text.
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culture of rat fetal brain cells (M/W cells) strongly ex-
pressed FGF-1 mRNA and synthesized and released FGF-1
into the conditioned medium, being identified as a hepa-
rin binding and anti-FGF-1 antibody-reactive protein of
16.5 kDa. 

 

2

 

) M/W cells themselves actively synthesized
and secreted apoE with the cellular lipid to generate a
greater amount of apoE-HDL, and this reaction was strongly
suppressed by the presence of an anti-FGF-1 antibody in
the medium during the culture. The conditioned me-
dium of M/W cells stimulated apoE synthesis in the astro-
cytes (W/W cells), and this activity was abolished by pre-

treatment of the medium with an anti-FGF-1 antibody. 

 

3

 

)
The cells that produce FGF-1 and apoE were both GFAP-
positive. 

 

4

 

) Results from the examination of signaling path-
ways suggested that FGF-1 stimulates apoE synthesis via
PI3K/Akt activation.

Among the several cytokines examined for the stimula-
tion of apoE synthesis and secretion in human astrocytes,
epidermal growth factor stimulated apoE secretion, whereas
interleukin 1

 

�

 

 and 1

 

	

 

, interferon 

 




 

, and FGF-2 did not
(45). In our previous work, we examined the effect of
FGF-1, FGF-2, insulin, and interleukin 1

 

	

 

 in rat astrocytes,
and only FGF-1 stimulated the synthesis and secretion of
apoE and lipid in rat astrocytes (39). FGF-1-like activity
was found in the conditioned medium of brain cell culture
to stimulate the astrocytes in the same manner. Our find-
ing that FGF-1 is produced in astrocytes before the pro-
duction of apoE in the brain injury lesion strongly sup-
ported the idea of its important role in the healing process.
It has been thought that FGF-1 is primarily synthesized by
neurons in vivo, but astrocytes are also identified as a po-
tential source (46–52). The present results indicate that
astrocytes are the main source of FGF-1 for the stimula-
tion of apoE-HDL production by an autocrine mechanism.

Epidermal growth factor increases apoA-I expression in
human hepatoma cells (HepG2) through the Ras-MAP ki-
nase cascade and Sp1 (53). FGF-1 is known to induce sig-
naling through P21ras/Erk (54, 55) and PI3K/Akt (56) in
cells, including astrocytes. The present experiments using

Fig. 6. Production and secretion of FGF-1 by M/W astrocytes. A: Expression of FGF-1 message in W/W
cells and M/W cells. The cells were washed with DPBS three times and cultured in 0.1% BSA/F-10 for 24 h.
Total cellular RNA was prepared from the cells, and RT-PCR was carried out using FGF-1 primer pairs with 28
cycles as described for Fig. 1. B: FGF-1 in astrocytes. Three milliliters of cell extract (250 �g of cytosol pro-
teins/ml) was prepared from W/W and M/W astrocytes by sonication of the cells in TBS containing protease
inhibitor cocktail (Sigma). The cell extract was mixed with heparin-Sepharose at room temperature for 2 h.
The gel was washed three times with TBS containing protease inhibitor cocktail and applied for SDS-PAGE
and Western blot analysis using goat anti-FGF-1 antibody. The left two lanes represent standard FGF-1. C: FGF-1
secreted into the conditioned medium of astrocytes. W/W and M/W cells (797 and 1,320 �g of total cell pro-
tein, respectively), each in two 10 cm Petri dishes, were metabolically labeled with 500 �Ci/0.5 nM [35S]me-
thionine in 7 ml of 0.02% BSA/F-10 without methionine or cysteine for 10 h and washed four times. After
the cells were incubated in fresh 0.02% BSA/F-10 for 16 h, the conditioned medium equivalent to 690 �g/
cell protein was collected. FGF-1 was immunopurified using goat anti-FGF-1 antibody-bound protein G-Seph-
arose and analyzed by SDS-PAGE and autoradiography. D: Effect of FGF-1 antibody in the culture medium
on apoE secretion by astrocytes. M/W cells were exposed to anti-FGF-1 antibody (Santa Cruz Biotechnology)
at the indicated concentration in fresh 10% FCS/F-10 at 3, 5, and 7 days after subculture. The culture me-
dium (equivalent to 45 �g of cell proteins) was collected at the end of the 7th day and analyzed by SDS-PAGE
and Western blotting using an anti-rat apoE antibody.

Fig. 7. Analysis of the signaling pathways. A: The rat astrocytes
(W/W cells) were treated with LY294002 (LY; 10 �M) or U0126 (U;
10 �M) in the presence of FGF-1 as described in the text. The con-
ditioned medium was analyzed by Western blotting. M/W-CM, M/W
cell conditioned medium. B: The cells were treated with FGF-1 for
5 min, and the cytosol was analyzed for Akt and phosphorylated
(Pi) Akt by Western blotting.
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inhibitors of these pathways preliminarily indicate that
apoE synthesis is stimulated by FGF-1 via the PI3K/Akt path-
way. It is still unknown how this signaling regulates apoE
gene expression. On the other hand, the apoE gene is up-
regulated by liver X receptor/retinoid X receptor in mac-
rophages/adipocytes (57), fibroblasts (58), and astrocytes
(59). Thus, the present results do not exclude the possibil-
ity that FGF-1 may indirectly upregulate apoE gene ex-
pression via the enhancement of cholesterol metabolism.
The involvement of cAMP- and protein kinase C (PKC)-
related pathways was also suggested for apoE upregulation
(60).

It is puzzling how FGF-1 is released by cells even without
a signal peptide. FGF-9 produced in the brain and kidney
is also secreted by cells in spite of the lack of a signal pep-
tide (61). As FGF-9 is an 

 

N

 

-glycosylated protein, it is thought
to be processed and secreted via the Golgi apparatus. The
FGF-1-transfected cells release FGF-1 into the culture me-
dium only in heat-shock conditions (62). FGF-1 may thus
be secreted by astrocytes under stress to stimulate the se-
cretion of apoE-HDL, such as heat shock, oxidation, and
long-term culture, as described in this work. These stress
conditions may be related to the brain damage.
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