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ABSTRACT Basic fibroblast growth factor (bFGF) is
overexpressed in most high-grade human gliomas, implying
that it is involved in the pathogenesis of these tumors. To
assess the biological effect of inappropriate production of
bFGF in normal astrocytes, we developed a system for glia-
specific gene transfer in transgenic mice. A transgene encod-
ing the receptor for subgroup A avian leukosis virus and
controlled by the astrocyte-specific glial fibrillary acidic
protein promoter permits efficient glia-specific transfer of
genes carried by subgroup A avian leukosis virus vectors. With
this system, we have demonstrated that bFGF induces prolif-
eration and migration of glial cells in vivo, without the
induction of tumors.

Gliomas form the most common category of primary brain
tumors in humans. The four grades of gliomas exhibit increas-
ing degrees of cell growth, angiogenesis, and necrosis (1). The
most aggressive form of the disease, glioblastoma multiforme,
is typified by diffuse infiltration of tumor cells into surrounding
brain structure, resistance to conventional therapies, and death
within a year from the time of diagnosis (2, 3).

The molecular abnormalities that account for the patho-
genesis of gliomas are not completely described. However,
several genetic alterations are frequently encountered in such
tumors, including loss of the tumor suppressor genes p53, p16,
RB, or PTEN; increased expression of the protooncogenes
bFGF, VEGF, or cdk4; and amplification or mutation of the
EGFR gene (4-9).

In hopes of defining the roles played by these alterations
during gliomagenesis and progression, we have devised a
strategy to mimic the genetic changes observed in human
gliomas by rendering glial cells in transgenic mice specifically
susceptible to infection by viral vectors. Glial cells have been
targeted for infection with high-titer subgroup A avian leu-
kosis viruses (ALV-A) by programming animals to produce
TVA, the avian cell surface receptor for ALV-A, under the
control of an astrocyte-specific promoter from the gene en-
coding glial fibrillary acidic protein (GFAP).

TVA is the product of the nv-a gene and is essential for
infection by ALV-A in chicken cells (10, 11). The introduction
of an avian #v-a gene into cultured mammalian cells permits
infection by ALV-A and expression of genes carried by ALV-A
vectors (12, 13). Because ALV vectors are replication-
competent in avian cells, high-titer viral stocks can be pro-
duced without a helper component. ALV does not, however,
make infectious progeny in mammalian cells, preventing cell-
to-cell spread of infection in a population of TVA*™ mamma-
lian cells exposed to ALV-A. Furthermore, because the
ALV-A env gene is poorly expressed in mammalian cells, the
TVA receptor is not occupied or down-regulated by viral
envelope protein, so that infected TVA* mammalian cells
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remain susceptible to repeated rounds of infection with
ALV-A vectors (14, 15). In this manner multiple genes,
including those providing histologic identification, can be
delivered to a single TVA™ cell.

In this report we document high-efficiency transfer of
multiple genes to primary astrocytes in culture. By using the
product of the alkaline phosphatase gene (4P) as a histologic
marker, we then describe astrocyte-specific gene transfer in
vivo and show that simultaneous transfer of the bFGF gene
results in migration and proliferation of astrocytes without
tumor formation.

MATERIALS AND METHODS

Constructs. The plasmid pGfa 2lac-1, expressing the lacZ
gene from a 2.2-kb fragment of the human GFAP promoter
and containing part of the mouse protamine gene (MP-1) to
supply an intron and polyadenylylation site was obtained from
Mike Brenner (National Institutes of Neurologic Disorders
and Stroke). The lacZ gene was removed by digestion with
BamHI and replaced with a Bg/II-BamHI fragment containing
the tv-a cDNA from pSP73(0.8) (11). RCAS-puro was obtained
from Steve Hughes (National Cancer Institute) (16, 17) (where
RCAS is replication-competent ALV). RCAS-AP and RCAS-
bFGF were constructed by Clal digestion of RCAS-puro to
remove the puromycin-resistance gene and its replacement
with Clal fragments of cDNAs encoding human placental AP
(Steve Hughes) and mouse basic fibroblast growth factor
(bFGF; Gail Martin, University of California, San Francisco).

Cell Culture. Primary brain cell cultures from newborn
transgenic mice were obtained by mechanical dissociation of
the whole brain, followed by digestion with 0.25% trypsin for
15 min at 37°C. Large debris was allowed to settle, and single
cells were plated and grown in DMEM with 10% fetal calf
serum (GIBCO/BRL). Two types of chicken cells were used
to produce vectors: Chicken embryo fibroblasts (CEFs) were
used in short-term experiments (up to 7 days) and DF-1 cells
were used in long-term experiments. CEFs were obtained by
mechanical dissociation of day 10 chicken embryos followed by
digestion with 0.25% trypsin for 15 min at 37°C. Large debris
was allowed to settle, and single cells were plated and grown
in DMEM with 5% fetal calf serum, 5% calf serum, 1%
chicken serum, and 10% tryptose phosphate broth (GIBCO/
BRL). DF-1 cells (a gift from Doug Foster, University of
Minnesota) are propogated as a continuous line in DMEM
with 5% fetal calf serum, 5% calf serum, 1% chicken serum,
and 10% tryptose phosphate broth (GIBCO/BRL).

Abbreviations: RCAS, replication-competent ALV; AP, alkaline

phosphatase; bFGF, basic fibroblast growth factor; GFAP, glial fibril-

lary acidic protein; ALV, avian leukosis virus; TVA, receptor for

ALV-A; CEF, chicken embryo fibroblast; MLV, murine leukemia

virus.
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Cell Culture Infection. The supernatant from DF-1 or CEF
cells infected with RCAS vectors was filtered through a
0.45-um (pore size) filter and plated directly onto astrocytes
for infection. The murine leukemia virus (MLV)-based lacZ
retroviral vector (pHIT 222), the MLV gag-pol expression
plasmid (pHIT 60), and the ALV-A env expression plasmid
(pHIT envA) were gifts from Paul Bates (University of Penn-
sylvania). 293T cells were transfected with a mixture contain-
ing 5 pg of each plasmid by calcium phosphate precipitation.
Medium from these cells was collected 48 h after transfection,
filtered, and used as viral stock for infection. Transgenic
primary brain cells in culture were infected with filtered
medium from RCAS-puro-producing cells and then selected in
puromycin (4 pwg/ml). After two passages, the astrocytes were
infected with a mixture of RCAS-AP and MLV-lacZ (ALV-A)
viral stocks and maintained in puromycin selection conditions.

In Vivo Infection. CEFs or DF-1 cells infected with RCAS
vectors were pelleted by centrifugation, and the cell pellets
were resuspended in approximately 100 ul of medium and
placed on ice. A single intracranial injection of 1 ul containing
10* cells was made in the right frontal region, just anterior to
the striatum, with the tip of the needle just touching the skull
base.

Brain Sectioning and Staining. The animals were sacrificed,
and the brains were fixed in 4% formaldehyde/0.4% glutar-
aldehyde/1Xx PBS for 36 h and then dehydrated in 20%
sucrose/2% glycerol/1X PBS. Frozen sections (40 um) were
obtained with a sledge microtome. The sections were then
stained for AP with 5-bromo-4-chloro-3-indolyl phosphate and
4 nitroblue tetrazolium chloride (Boehringer) after treatment
at 65°C, pH 9.5, for 30 min to remove endogenous AP activity.
Fixed frozen sections (20 wm) were stained in solution for AP
as described and then incubated in solution with a monoclonal
antibody to GFAP (Boehringer) and detected with immuno-
peroxidase (Vectastain).

RESULTS

Tissue-specific production of TVA in transgenic mice has been
shown to allow myoblast-specific transfer of a histological
marker gene encoding AP (AP) carried by the ALV-A-derived
vector RCAS-AP (18). For glia-specific gene transfer, we
constructed a transgene (Gtv-a) that expresses fv-a from the
GFAP promoter (ref. 19 and Fig. 14) and established two
mouse lines that transmit the Gtv-a transgene to progeny in a
simple Mendelian pattern.

Transfer of Multiple Genes to Astrocytes in Culture. To
demonstrate that astrocytes from these mice could be repeat-
edly infected with ALV-A vectors, we exposed primary cul-
tures of astrocytes to RCAS vectors encoding human placental
AP (RCAS-A4P) and the bacterial puromycin-resistance gene
(RCAS-puro) (Fig. 1B). In addition, we infected the cells with
an MLV vector carrying the Escherichia coli lacZ gene,
pseudotyped with ALV-A envelope protein [MLViacZ
(ALV-A)] (20, 21). Primary cultures were first infected with
RCAS-puro, selected for puromycin resistance, and then re-
infected with a mixture of RCAS-AP and MLV-lacZ (ALV-A).
More than half of the cells that acquired puromycin resistance
as a consequence of infection with RCAS-puro also expressed
at least one and often both of the other marker genes (Fig. 24).
Cultured astrocytes from nontransgenic mice were not infect-
able by either RCAS-AP or MLV-lacZ (ALV-A) vectors.
These findings indicate that multiple genes can be transferred
to astrocytes sequentially or simultaneously with this system.

Astrocyte-Specific Gene Transfer in Vivo. To achieve per-
sistently high virus titers at injection sites for gene transfer in
vivo, we injected CEFs producing ALV-A vectors, rather than
cell-free virus stocks, directly into the brain parenchyma of
newborn Gtv-a transgenic mice. The producer cells survived
for less than 3 days, as shown by tests in nontransgenic animals.
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Fic. 1. DNA constructs. (4) GFAP tv-a (Gtv-a) transgene. A
2.2-kb fragment of the GFAP promoter drives expression of the tv-a
cDNA. The fragment from the mouse protamine gene (MP-1) supplies
an intron and signal for polyadenylylation. (B) RCAS vectors. These
vectors carry an exogenous gene 3’ of env. RCAS-AP, RCAS-puro, and
RCAS-bFGF carry the human placental AP cDNA, the bacterial gene
for puromycin resistance, and the mouse bFGF cDNA, respectively.
These exogenous genes are expressed in both avian and mammalian
cells from a spliced message as illustrated, although viruses are
produced only by avian cells.

It is thought that retroviral particles are too large to diffuse
through the brain substance (Eric Oshiro, personal commu-
nication). Therefore, we expected gene transfer to be limited
to the region around the injection track. Six days after intra-
cerebral injection of CEFs producing RCAS-AP, multiple
astrocytic cells surrounding the injection track stained positive
for AP (Fig. 2B). After parallel injections into the brains of
nontransgenic litter mates, no residual producer cells were
evident at the time of sacrifice and no AP staining was
detected, implying that AP gene transfer in transgenic mice is
receptor-dependent (Fig. 2C). We estimate that a few hundred
mouse brain cells were infected after each injection. The
RCAS-AP infected cells have continued to stain positively for
AP up to 6 months after infection.

Staining for GFAP demonstrates increased numbers of
astrocytes in the vicinity of the injection track (Fig. 2 D and E);
some of these cells costain for GFAP and AP, identifying these
AP™ cells as astrocytes. Injury caused by insertion of the
injection needle is expected to induce GFAP expression and
division of glial cells and thereby increase infectability of these
cells, because receptor availability and cell division are both
required for retroviral infection. Increased expression of trans-
genes expressed from the GFAP promoter has been shown to
accompany the induction of GFAP expression in astrocytes
(19). Therefore, it is likely that Gtv-a is efficiently expressed in
astrocytes adjacent to injection tracks in transgenic mice.
Although astrocyte infection in these transgenic mice is re-
ceptor-dependent, the amount of TVA on cell surfaces ap-
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F1G. 2. Gene transfer to transgenic astrocytes. (4) Cultured cells. Primary brain cultures from newborn mice were infected with RCAS-puro,
selected for puromycin resistance, then reinfected with a mixture of RCAS-AP and MLV-lacZ (ALV-A) vectors, and stained for AP and
B-galactosidase. An open arrow identifies a cell that stains for AP (purple), a solid arrow identifies a cell with nuclear B-galactosidase staining (blue)
and the double arrows identifies a cell expressing both markers. (B) Transfer of the AP gene to astrocytes in vivo. Six days after intracranial injection
of a newborn Gtv-a transgenic mouse with CEFs producing RCAS-AP, gene transfer can be seen by AP staining in cells with astrocytic morphology
around the injection track. (X100) (C) A nontransgenic litter mate injected in the same fashion as in B shows no AP~ cells. (X100) (D and E)
GFAP and AP double staining of the injection track 10 days after injection with DF-1 cells producing RCAS-4P demonstrates an increase in number

of GFAP™ cells and presence of AP* cells (arrows). (D, X100; E, x200.)

pears low, because TVA was not detected in brain slices by
immunohistochemical staining with an anti-TVA antibody
(gift of Andrew Leavitt, University of California, San Fran-
cisco; data not shown).

bFGF Expression Induces Astrocyte Migration and Prolif-
eration in Vivo. To assess the effects of bFGF, a growth factor
usually produced abundantly in high-grade gliomas, on glial
cell proliferation and localization, we took advantage of our
ability to transfer multiple genes simultaneously into astro-
cytes expressing fv-a. We injected transgenic mice intracere-
brally with a mixture of cells, half programmed to produce
RCAS-AP (to provide a histologic marker) and the other half
producing RCAS-bFGF, and both derived from the chicken
cell line DF-1. Two weeks after injection, a few hundred AP*
cells were detected near the injection track, as seen after
transfer of the AP gene alone (Fig. 34). Four weeks after
injection, the total number of AP* cells increased, and cells
were found in regions distant from the injection track (Fig. 3B),
including the white matter tracts of the striatum, internal
capsule, corpus callosum, and hippocampal commissure. We
also detected cells on the contralateral side of the brain from
the injection site, and the injection track often became difficult
to discern because AP cells were no longer clustered in that
region.

Six to 8 weeks after injection, AP-stained regions were
frequently bilateral, and there was often 10- to 50-fold more

TThe rabbit polyclonal antibody was produced by John Young (Har-
vard University) and Paul Bates (University of Pennsylvania).

AP™ staining than found in the mice after infection with
RCAS-AP alone (Fig. 3 C, E, and F). The amount of AP
staining reached a maximum between 8 and 10 weeks after
injection; mice sacrificed 16 weeks to 6 months after injection
showed no more and often less AP staining than that seen after
8-10 weeks. Transgenic animals injected with the RCAS-AP
vector alone showed a relatively small number of AP+ cells
near the site of injection 8 weeks after infection, without
significant cell migration (Fig. 3D). Again, no AP* cells were
observed in nontransgenic animals. To confirm that the ag-
gregated AP cells at sites distant from the needle track were,
in fact, infected with RCAS-bFGF, we used PCR with primers
designed for RCAS-bFGF proviral DNA to amplify DNA from
microdissected AP* lesions; in both of the analyses, the
expected fragments of amplified RCAS-bFGF DNA were
detected after gel electrophoresis (data not shown).

We prepared thinner sections of brains 3 months after
infection with RCAS-AP and RCAS-DFGF for a more detailed
examination of the morphology of the abundant AP* cells
(Fig. 4 A and B). In many regions, the AP* cells have small
nuclei and fine stellate projections, typical of astrocytes (Fig.
4A). In nerve fiber tracts however, the cells exhibit a bipolar
morphology and aggregate in parallel rows, aligning them-
selves in the direction of the axons (Fig. 4B). The projections
appear to be long relative to the nuclei; in some sections, the
majority of the AP stain is associated with projections from cell
bodies found in adjacent sections. Cells in diffuse low-grade
fibrillary astrocytomas show similar elongated features (1),
implying a possible astrocytic origin for the AP™ cells. Alter-
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F1G. 3. Time course of proliferation and migration of RCAS-bFGF-infected cells in vivo. An equal mixture of DF-1 cells producing RCAS-4P
and DF-1 cells producing RCAS-bFGF was injected into the right frontal lobe of G#v-a transgenic mice. The mice were sacrificed and brains (40-pum
sections) were analyzed for AP activity at 2 weeks (A4), 4 weeks (B), and 6 weeks (C) after injection. Mice were injected with DF-1 cells producing
either RCAS-AP alone (D) or a mixture of RCAS-bFGF and RCAS-AP (E) and analyzed 8 weeks after injection. (X40.) (F) A representative slice
of a brain 8 weeks after infection with RCAS-bFGF and RCAS-AP that shows a diffuse spread of infected cells.

natively, the AP* cells in the white matter may be oligoden-
drocytes. This would suggest that some subset of the infected
cell population has the potential to differentiate into either
astrocytes or oligodendrocytes, depending on local environ-
mental signals.

Although the majority of cells infected with RCAS-AP alone
appeared to be GFAP™, as seen in Fig. 2D, animals infected
with both AP and bFGF vectors had few double-stained cells
when analyzed for GFAP and AP 3 months after infection
(Fig. 4 C and D). We cannot explain this discrepancy at
present. It is possible that bFGF expression reduces GFAP
expression in vivo or, alternatively, that a subset of infected
cells, initially with low levels of GFAP, preferentially prolif-
erate and give rise to a predominant cell type that no longer
expresses GFAP. It is worth noting that astrocytes grown in
culture progressively lose expression of GFAP (22).

Regions of AP* Staining Are Histologically Normal. To
determine whether the AP* regions were associated with
abnormal histologic features as assessed with conventional
hematoxylin/eosin staining, we counterstained alternate sec-
tions for AP. Fig. 4 D-F illustrates three sequential sections;
only sections in D and F were stained for AP. Although the
center section (Fig. 4F) almost certainly contains AP activity,
it shows no obvious histologic alteration. These findings sug-
gest that FGF signaling promotes proliferation and migration
of glial cells that are capable of integrating into the normal
brain structure. Even in areas with extensive infiltration by
AP* cells, however, there appear to be no structural distor-
tions indicative of frank gliomagenesis.

DISCUSSION

In this report, we have used glia-specific expression of a
receptor for a retrovirus vector to permit the efficient transfer
of multiple genes to primary astrocytes in culture and to glial
cells in newborn animals. The system described herein is likely
to be useful for studying the interaction of multiple exogenous
genes in cultured astrocytes, a cell type relatively resistant to
multiple gene transfer. However, the system has even greater
utility in intact animals as a method for studying the effect of
specific genes on restricted cell types in vivo.

After viral transfer of the bFGF gene and AP marker gene
to TVA-positive cells in vivo, we observed extensive migration
and proliferation of glia over the next several weeks by
following the fate of AP™* cells. At this point, we cannot
distinguish between direct induction of these behaviors by
FGF signaling and the maintenance of glia in a less-
differentiated state that inherently displays such behaviors.
Furthermore, proliferation and migration appear to be self-
limited because the amount of AP staining does not increase
beyond 8-12 weeks. We have not assessed the production of
bFGF RNA or protein by these cells, and it is possible that
levels of bFGF decreases over time. We have not observed
frank gliomas arising from doubly infected cells, and the
regions staining for AP appear essentially normal by conven-
tional staining in animals up to 13 months after transfer of AP
and bFGF.

bFGF has been shown to be a mitogen for astrocytes and to
cause migration of both astrocytes and glioma cells in culture
(23-25). Furthermore, the Drosophila gene breathless, encod-
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F1G6. 4. Morphology and histology of AP* cells 3 months after infection with RCAS-AP and RCAS-bFGF. (A and B) Astrocytic morphology
of infected cells seen in 20-um sections in gray matter (4) and bipolar morphology in white matter (B) (stained for AP and counterstained with
hematoxylin). (C) Staining for AP and GFAP demonstrate a lack of GFAP in most AP* cells (arrow indicates a rare double-positive cell). (><200.)
(D-F) Contiguous hematoxylin/eosin-stained sections with alternate sections also stained for AP. (D and F) AP* region expected to be found in
all three sections. (E) No histologic alteration in the region likely to be AP*. (x100.)

ing an FGF receptor homolog, has been shown to be essential
for migration of midline glial cells (26) and glial progenitor
cells expressing a dominant-negative FGF receptor fail to
migrate when transplanted into neonatal rat brains (30). Given
that bFGF is overexpressed in most high-grade gliomas and,
from results presented herein, appears to be capable of causing
migration and proliferation of glia in vivo, it is likely that FGF
signaling is at least partly responsible for these characteristics
of gliomas. Our data further delineate the role of bFGF in
gliomagenesis by separating glial proliferation from overt
glioma formation. Thus, heightened expression of bFGF may
not be an efficient first step in the induction of gliomas.
Conversely, in the model system we have developed, there are
only a few hundred cells initially infected; other genetic events
required for glioma formation may not occur at sufficient
frequency to produce tumors from these cells.

In classical transgenic models for tumors, oncogenes are
expressed from tissue-specific promoters in large numbers of
cells. These models can be used to detect secondary events that
accelerate tumor formation (27). However, it is not possible to
follow the fate of individual, genetically modified cells with
such models. In contrast, because of the ability to visualize the
infected cells with the AP marker, the TVA-based system
presented herein allows detection of a gene’s direct effect on
specified cell types in vivo.

Weissenberger et al. (28) have reported that transgenic mice
expressing the viral oncogene v-src under control of the GFAP
promoter occasionally develop astrocytomas. Thus GFAP*
cells are capable of undergoing neoplastic transformation;
however, the late and infrequent appearance of tumors implies
that even a potent oncogene such as v-src requires other

genetic alterations to convert these cells to gliomas. It is also
possible that the cells infected in our Gtv-a transgenic animals
may be near-terminally differentiated GFAP* astrocytes with
a much lower capacity for forming gliomas and that gliomas
may more readily arise from less differentiated precursor cells.
These possibilities can be explored by using vectors carrying
other dominantly acting genes (such as VEGF, cdk4, or EGFR),
by introducing the Gtv-a transgene into genetic backgrounds
deficient in various tumor suppressor genes (such as p53,
PTEN, p16, or RB), and by driving expression of fv-a transgenes
with promoters [such as that derived from the nestin gene (29)]
that are active in earlier phases of glial cell development. The
ability to combine gain-of-function and loss-of-function ge-
netic alterations in specified cell types in vivo will likely provide
insight regarding the effects of the numerous mutations found
in human gliomas.
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