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GFAP Promoter Directs Astrocyte-specific Expression in Transgenic
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Glial fibrillary acidic protein (GFAP) is an intermediate-fila-
ment protein expressed abundantly and almost exclusively
in astrocytes of the CNS. We are studying transcriptional
regulation of the GFAP gene to gain insight into astrocyte
function and also to develop an astrocyte-specific expres-
sion system for manipulating brain physiology. In this work,
we have produced transgenic mice carrying the bacterial
lacZ reporter gene linked to a 2.2 kilobase 5'-flanking se-
quence derived from the human GFAP gene that previously
was shown to direct astrocyte-specific transcription in cul-
tured cells. We report that this promoter directs expression
to astrocytes in the CNS. In addition, the upregulation of
GFAP gene activity that follows injury to the brain was mim-
icked by the transgene. One of the transgenes was found
to be X-linked and appeared to undergo the usual random
inactivation that achieves gene dosage compensation in fe-
males. The brains of hemizygous females stained uniformly
rather than displaying mosaic patches, indicating that as-
trocytes intermingle following their formation. The specific
expression of the GFAP-/acZ transgene means thatitis now
possible to target expression of other heterologous genes
to astrocytes in vivo, and to study the mechanisms for re-
active gliosis at the DNA level.

[Key words: astrocyte, glial fibrillary acidic protein, trans-
genic, gliosis, transcription, mouse]

Astrocytes comprise one of the major cell populations of the
vertebrate CNS, where they carry out a wide-ranging set of
activities (Fedoroff and Vernadakis, 1986a,b; Norenberg et al.,
1988). Expression of glial fibrillary acidic protein (GFAP), an
intermediate-filament protein, is one of the hallmarks of astro-
cytic differentiation during development (Dahl, 1981; Bovolen-
ta et al., 1984), and of the reactive gliosis that follows a myriad
of injuries to the CNS (Bignami and Dahl, 1976; Mathewson
and Berry, 1985). Although many factors have been shown to
regulate expression of GFAP in cultured astrocytes (Goldman
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and Chiu, 1984; Morrison et al., 1985; Shafit-Zagardo et al.,
1988; O’Callaghan et al., 1991), the molecular mechanisms of
regulation irn vivo are unknown (Eng, 1988).

Genomic clones have been isolated for the mouse and human
GFAP genes (Balcarek and Cowan, 1985; Brenner et al., 1990),
and have been analyzed to identify regions required for tran-
scriptional activity (Miura et al., 1990; Nakatani et al., 1990;
Besnard et al., 1991; Sarid, 1991; Sarkar and Cowan, 1991;
Masood et al., 1993). In particular, a promoter (gfa2) consisting
of 2.2 kilobase (kb) of 5'-flanking DNA of the human GFAP
(hGFAP) gene has been found to drive astrocyte-specific ex-
pression in cultured cells (Besnard et al., 1991). With the twin
goals of extending this regulatory analysis to the more stringent
system of an intact animal, and of developing an astrocyte-
specific expression system for manipulating CNS physiology,
we joined the gfa2 promoter to an Escherichia coli B-galacto-
sidase reporter gene (lacZ) and studied its expression in trans-
genic mice.

Materials and Methods

Transgenic mouse production. The cytoplasmic and nuclear-targeted
gfa2-lacZ transgenes were constructed by inserting the 2.2 kb Kpnl-
Sall fragment of pGfaCAT-2 (Besnard et al., 1991) between the Kpnl
and Sall sites of placF and pnlacF, respectively (gift of R. D. Palmiter,
University of Washington, Seattle, WA) (Merceret al., 1991). The trans-
genes were excised with Bglll, purified by agarose gel electrophoresis,
and recovered by adsorption onto glass (GeneClean, Bio 101, La Jolla,
CA). Transgenic mice were produced according to standard techniques
by microinjecting 2 pl of a solution of DNA into the male pronucleus
of fertilized eggs obtained from the mating of either inbred FVB/N mice
for the cytoplasmic gfa2—lacZ, or F1 hybrid CS7BL/6J x SJL mice
(Brinster et al., 1985) for the nuclear gfa2-lacZ. Three of the lines
described in this report have been assigned designations according to
the standardized rules for genetic nomenclature in transgenic mice: line
6-4, Tg(GFAP, lacZ)Mesl; line 7-1, Tg(GFAP,lacZ)Mes2; line7-2,
Tg(X;GFAP,lacZ)Mes3.

lacZ histochemistry. Expression of the bacterial lacZ gene was detected
by standard histochemical reactions (Mercer et al., 1991). For staining
of brain slices or fetuses, the tissues were immersion fixed in ice-cold
2% formalin, 0.2% glutaraldehyde in 0.1 M sodium phosphate buffer,
pH 7.4, for 1 hr, rinsed, and then stained in 1 mg/ml X-gal with sodium
deoxycholate and NP-40 to enhance permeability. Staining was rou-
tinely performed at 37°C in the dark for 12-18 hr.

Double labeling of vibratome sections. For vibratome sections, brains
of mice perfused with 4% paraformaldehyde in 0.1 M sodium phosphate
buffer, pH 7.4, were postfixed an additional hour on ice. Vibratome
sections (50-100 pm) were first stained by X-gal histochemistry, and
then immunostained for GFAP according to standard procedures using
the avidin-biotin—peroxidase method (Vector Laboratories, Burlin-
game, CA). The primary GFAP antibody, a polyclonal rabbit anti-
bovine GFAP antibody (Dako, Carpinteria, CA), was used at a 1:500
dilution. Sections were then mounted in 80% glycerol/PBS with 5%



-2163
TTG

Figure 1. gfa2-lacZ transgene. The hGFAP fragment spans bp —2163
to +47 relative to the transcriptional start site and has the natural
initiating ATG at bp +15 converted to TTG by site-directed mutagen-
esis so that protein synthesis initiates within /acZ. Also present are the
coding region for g-galactosidase (lacZ), and a segment of the mouse
protamine-1 gene (mP1) that provides an intron (thin line) and a poly-
adenylation site.

N-propyl gallate. Controls included omission of the primary antibody
for the immunocytochemistry, and nontransgenic littermates for the
X-gal histochemistry.

lacZ solution assay. lacZ enzymatic activity was assayed in extracts
of tissues by detection of conversion of 4-methylumbelliferyl-p-galac-
toside (MUG) into a fluorescent product, as described in the technical
manual for the Hoefer (San Francisco, CA) TKO-100 minifluorometer.
Briefly, tissue was homogenized in a reaction buffer consisting of 25
mm Tris-HCL, pH 7.5, 125 mm NaCl, 2 mm MgCl,, and 12 mm
2-mercaptoethanol. Homogenates were spun in a microfuge, and ali-
quots or dilutions of the supernatant were incubated with 0.25 mm
MUG for 30 min at 37°C. The reaction was stopped by addition of
trichloroacetic acid to 5% and the fluorescence was read from an aliquot
of the reaction mixture diluted in a glycine-carbonate buffer, pH 10.7.
Spiking samples of various tissues from control mice with purified en-
zyme prior to assay showed that there were no inhibitors present, Protein
content of each sample was measured with the Bradford assay (Bio-
Rad, Richmond, CA), and enzymatic activity expressed as thousands
of fluorescence units per milligram of protein.

Electron microscopic analysis of lacZ-expressing cells. For electron
microscopic visualization of the lacZ reaction product, tissues were
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stained with Bluo-gal according to standard methods (Vandaele et al.,
1991; Weis et al., 1991). The tissues were then postfixed in glutaral-
dehyde followed by osmium tetroxide, dehydrated in a series of ethanols,
and embedded in Epon for viewing without uranyl or lead staining.

Stab wounds. Adult mice were anesthetized with Avertin, the dorsal
surface of the brain exposed, and a stab wound made in the right cerebral
hemisphere by insertion of a 25 gauge needle from the dorsal surface
to the ventral surface of the brain. The needle was then withdrawn, the
skin incision closed with wound clips, and the animals allowed to re-
cover on a warming plate. The mice were killed at 48 hr postsurgery
for analysis of lacZ expression in the operated versus unoperated side
of the brain.

Animal use. All animal protocols were approved by the Institutional
Animal Care and Use Committee of the University of Wisconsin-Mad-
1801.

Results

Generation of transgenic mice. The gfa2-lacZ transgene is di-
agramed in Figure 1. The gfa2 segment spans base pairs (bp)
—2163 to +47 relative to the transcriptional start site of the
hGFAP gene, and has the normal protein-initiating ATG at bp
+15 converted to TTG by site-directed mutagenesis (Besnard
etal., 1991). To facilitate analysis, two versions of the transgene
were used: one that produces the standard cytoplasmic enzyme,
and one that targets the enzyme to the nucleus (Mercer et al.,
1991).

Transgenic mice were generated by microinjection of fertil-
ized mouse eggs. Ten of the pups were identified as transgenic
by polymerase chain reaction (PCR) analysis of tail DNA. Eight
of the 10 founders produced breeding lines, and offspring in
these lines were tested for expression of the /acZ transgene by
screening slices of brain with X-gal histochemistry. Six of the
eight transgenic lines expressed /acZ in the brain (Fig. 2, Table
1.

Tissue- and cell-specific expression of the transgene. Two cell
types other than astrocytes known to synthesize GFAP are non-

Figure 2. Brain slices of gfa2-lacZ transgenic mouse and nontransgenic control stained for /acZ: cranial (fop) and caudal (lower right) transverse
slices of the brain of an adult transgenic mouse (6-4 line), and a cranial transverse slice from an adult nontransgenic control (lower left) were stained

for lacZ activity with X-gal.

Figure 3. Double staining for GFAP and lacZ. GFAP immunohistochemistry was performed on an X-gal-stained vibratome section (50 um) of
cerebellum from a 3'2-month-old transgenic mouse of the 7-1 line (nuclear lacZ). The GFAP immunoreactivity of the radial processes extending
to the pial surface from the arca of X-gal-positive nuclei is the result expected for Bergmann glia. The arrow points to one of several isolated
distinctly double-labeled cells within the white matter of the cerebellum. Magnification, 234 x,
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Table 1. Transgenic founder mice

Transgene Founders Expression
Cytoplasmic lacZ 6-1 -
6-2 -
6-3 +
6-4 +
6-5 +
Nuclear lacZ 7-1 +
7-2 -
7-3 No offspring
7-4 No offspring
7-5 +

Transgenic founders were identified by PCR analysis of tail sample DNA. Ex-
pression was determined by staining brain slices with X-gal histochemistry.

myelinating Schwann cells and reactive Miiller cells (Jessen and
Mirsky, 1984; Sarthy and Fu, 1989; Feinstein et al.,, 1992).
Miiller cells should be reactive in our transgenic lines with the
cytoplasmic form of /acZ, as these mice were made using the
FVB/N strain, which is homozygous for the retinal degeneration
mutation (rd) (Roderick and Guidi, 1989) that is known to
induce in Miiller cells reactive changes that include GFAP syn-
thesis (Sarthy and Fu, 1989). The retina and sciatic nerve of
each of the expressing lines were examined for possible lacZ
activity by these two cell types. Retinal astrocytes were consis-
tently stained in each of these lines, but only one line, 7-2,
showed staining in the region occupied by Miiller cells. Line 7-2
was also the only one to show staining in the sciatic nerve.
Although the positions of the stained cells were consistent with
their being Miiller cells and Schwann cells (data not shown),

Table 2. §-Galactosidase activities of transgenic tissues (relative
fluorescence)

Mice Brain Kidney Liver Spleen Heart Lung
Control 0.2 0.8 0.2 0.6 <0.1 <0.1
6-3 He 4.3 0.8 0.1 0.4 0.1 0.1
6-3 H 17.3 0.7 0.2 0.5 <0.1 0.1
6-4-41 15.9 0.4 0.1 0.6 0.1 0.1
6-4-42 14.2 0.9 0.2 0.8 0.1 0.1
7-1-17 5.1 0.2 =0.1 0.2 <0.1 <0.1
7-2-24" 8.4 0.5 0.1 0.3 0.1 0.1
7-2-25 8.3 0.6 <0.1 0.4 0.1 0.2

Tissues from adult (> 1-month-old) animals were assayed for 3-galactosidase using
the solution assay as described in Materials and Methods. Values presented are
averages of duplicate assays. Mice of the same line were littermates.

# 6-3 H mice are homozygous for the transgene. The difference in values for the
two 6-3 H mice reflects a general variability in expression seen for the 6-3 line.

" Both 7-2-24 and 7-2-25 are hemizygous females (see below).

proof of these assignments has not been pursued. We also note
that expression of the 7-2 line (nuclear /acZ) in the retina was
unexpected as the host strain (B6SJLF1) has unreactive Miiller
cells.

Histochemical staining proved unsuitable for a general survey
of other tissues because of high background staining in some
tissues (particularly kidney) of control mice. Consequently, a
more specific solution assay was used instead of histochemical
staining. As shown in Table 2, the only tissue of the transgenic
animals to display 8-galactosidase activity significantly greater
than the nontransgenic control was the brain, for which activity
was up to 80 times higher than the control.

Transgene expression was prominent in gray and white matter
of the cerebellum, brainstem, and cerebral hemispheres (Fig. 2).
In the cerebellum there was distinct labeling of Bergmann glial

Figure 4. Transgenic optic nerve stained for lacZ. Electron micrographs were made of transverse sections of optic nerve from transgenic mice
and stained using Bluo-gal. 4, A labeled astrocyte (u4pper left) and an unlabeled oligodendrocyte (lower right) of a 3-month-old mouse of the 7-2
line (nuclear /acZ) showing prominent staining of the nuclear membrane of the astrocyte. B, Astrocyte process of a 6-month-old mouse of the 6-4
line (cytoplasmic lacZ) showing prominent subplasmalemmal staining. Scale bars, 1 um.



Figure 5. Response of the transgene to a stab wound. A horizontal
slice of brain from a 2-month-old transgenic mouse (6-3 line) was stained
for lacZ with X-gal 48 hr following a stab wound to the right cerebral
hemisphere (indicated by arrow). Note the increased X-gal staining in
the area immediately surrounding the needle track, compared to the
contralateral striatum. The striatum was selected for analysis as it typ-
ically shows a relatively low level of GFAP (Kalman and Hajds, 1989),
permitting the reactive response to be easily detected over background.

cell bodies and their radial processes in the molecular layers.
This pattern of staining was the same in each of the six lines
tested, although there were variations in staining intensity (Ta-
ble 2; the two lines not listed, 6-5 and 7-5, stained less strongly
than the others). To ascertain whether the transgene expression
in the brain was restricted to astrocytes, tissue slices stained
with X-gal from mice carrying the nuclear form of the lacZ
transgene were also stained for GFAP by immunochistochem-
istry. Many cells showed X-gal-positive nuclei surrounded by
GFAP-immunoreactive processes (Fig. 3).

While the double-labeling experiments demonstrated that at
least some X-gal-positive cells were astrocytes, some X-gal—
positive cells were negative for GFAP, particularly in the centers
of the slices. Since incomplete penetration by the immunore-
agents could produce such results, we performed ultrastructural
analyses on optic nerves. Cells expressing the transgene were
identified by staining with the $-galactosidase substrate Bluo-
gal, which gives rise to a discrete, electrodense reaction product
(Weis et al., 1991), and cell types were determined morpholog-
ically. To ensure objectivity, the electron micrographs were cod-
ed and then analyzed by an independent expert (Dr. Ian D.
Duncan, University of Wisconsin-Madison). Three different lines
of transgenic mice were examined, and over 50 astrocytes and
oligodendrocytes identified. In each of the lines, most, but not
all, of the astrocytes were stained by the Bluo-gal, whereas none
of the other cell types were stained. Typical results are shown
in Figure 4. In summary, these data show that 2.2 kb of 5'-
flanking sequences from the hGFAP gene contain sufficient reg-
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Figure 6. Developmental regulation of lacZ activity in two transgenic
lines. Four or five brains were collected at each of the indicated time
points (except entire heads for E13.5) from animals of the 6-4 (@) and
7-2 (M) lines. §-Galactosidase activity was determined on tissue extracts
by the MUG solution assay as described in Materials and Methods. All
7-2 animals used were hemizygous females (see below); 6-4 animals
were of either sex.

ulatory elements to direct astrocyte-specific expression in trans-
genic mice.

Transgene response to injury. Astrocyte expression of GFAP
increases markedly in response to brain injury as part of the
process of reactive gliosis. We therefore wished to see whether
the regulatory elements responsible for this upregulation were
present in the gfa2—/acZ transgene. A common model for study-
ing reactive astrocytosis is infliction of a stab wound into the
cerebral cortex of an anesthetized animal, which causes a rapid
increase in GFAP mRNA and protein in reactive astrocytes
(Cavanagh, 1970; Bignami and Dahl, 1976; Latov et al., 1979;
Mathewson and Berry, 1985; Topp et al., 1989). We subjected
mice carrying the gfa2-lacZ transgenes to stab wounds and
stained their brains for /acZ activity 48 hr later. As shown in
Figure 5, there was a marked increase in X-gal staining in the
immediate vicinity of the stab wound. Similar results were ob-
tained with all three of the gfa2—lacZ lines that were analyzed.

Developmental regulation of the transgene. Onset of endog-
enous GFAP expression in the mouse coincides with the period
of astroglial differentiation and proliferation during late gesta-
tion and the first week after birth. Typically, the abundance of
GFAP mRNA is found to increase until 1-2 weeks after birth,
and then to decline slowly (Lewis and Cowan, 1985; Tardy et
al., 1989). To determine if the expression of the gfa2-lacZ trans-
gene shows similar developmental regulation, we assayed whole-
brain extracts of mice whose ages ranged from embryonic day
13.5 (E13.5) through adulthood. Mice of two separate lines (6-4
and 7-2) were assayed with their nontransgenic littermates serv-
ing as controls. Although differing from each other in details,
the postnatal patterns of expression of the two transgenes fit the
general profile for the endogenous GFAP gene (Fig. 6). On the
other hand, transgene activity was already detectable in the fetus
at E13.5, whereas the earliest reported detection of GFAP mRNA
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Fetal expression of the transgene. Whole embryos (4, B) or vibratome sections (C, D) of E13.5 hemizygous females of the 7-2 line were

stained for lacZ activity with X-gal histochemistry. A, Lateral view of transgenic (/eff) and nontransgenic (right) littermates. B, Dorsal view, The
dorsal midline streak was seen at E13.5 in each of the five lines examined. In some specimens, the staining was incomplete in the midthoracic
region. The head is at the top of the field. C, Vibratome section (100 pm) through the telencephalon. X-gal reaction product is seen in the ventricular
zone of the telencephalon. Magnification, 46 x. D, Vibratome section (100 pm) through the developing spinal cord. X-gal reaction product is located
along the roof plate of the dorsal midline and around the dorsal half of the central canal. Magnification, 114x.

or protein is about E16.5 for both the mouse (Bovolenta et al.,
1987) and the rat (Hirano and Goldman, 1988; Landry et al.,
1990).

Developmental topography of transgene expression. To local-
ize further the transgene-expressing cells during fetal stages, whole
fetuses or brain sections were collected from E10.5 through the
postnatal period and stained with X-gal. The gfa2-lacZ trans-
gene was first expressed between E12.5 and E13.5 in each of
five lines tested. All of these lines showed a similar pattern,
which included staining of the telencephalon, hindbrain, and
along the dorsal midline of the spinal cord (Fig. 74,B). Within
these regions, staining was localized to the ventricular zone of

the developing telencephalon and hippocampus (Fig. 7C), and
in the developing spinal cord to the cells located dorsally and
immediately around the central canal and extending into the
region of the developing dorsal median sulcus (Fig. 7D). In
addition, one of these lines (6-4) also showed expression in
chondrocytesat E13.5. By E17.5, staining was found throughout
the brain, and was particularly intense in the developing cere-
bellum and ventricular surfaces (data not shown). At later time
points, staining became more uniform, and occurred in both
gray and white matter.

X-inactivation of the transgene in the 7-2 line. Pedigree anal-
ysis of the transgenic lines showed that the transgene of the 7-2



line was X-linked (data not shown). We considered that this
particular transgene might therefore be susceptible to X-inac-
tivation, whereby females compensate for potential gene dosage
effects by random inactivation of one or the other X-chromo-
some. Consistent with this expectation, solution assays showed
that the brains of male 7-2 mice had twice the levels of bacterial
B-galactosidase activity as those from age-matched hemizygous
females (Fig. 8). In some cases, random X-chromosome inac-
tivation results in mosaic patches of tissues in which all cells in
a given patch derive from the same precursor that had already
undergone X-inactivation. We examined slices and sections of
brain from female 7-2 mice of various ages at a resolution that
could detect patches as small as 25 cells, but found no evidence
for mosaic expression (data not shown).

Discussion

The primary goal of this study was to determine if the 2.2 kb
5'-flanking region (gfa2) of the hGFAP gene identified by in
vitro studies to direct astrocyte-specific expression did so in the
transgenic mouse. The transgenic animal represents a much
stricter test system for assaying gene regulation since the trans-
gene is present in all cell types and is exposed to normal de-
velopmental and environmental influences. In several cases, the
specificity of gene expression has differed markedly when the
same constructs were tested both in cell lines and in transgenic
mice (Dente et al., 1988; Vassar et al., 1989; Zimmerman et al.,
1990). Our finding that the gfa2—/acZ transgene is expressed,
and that this expression is almost exclusively in astrocytes, jus-
tifies focusing on the gfa2 region for further dissection of the
critical regulatory elements, and also provides a simple means
for directing expression of other genes of interest to astrocytes.

While the endogenous GFAP gene is expressed most strongly
in astrocytes, low levels of GFAP or GFAP-like immunoreac-
tivity have been described in several other cell types (Jessen and
Mirsky, 1984; Jessen et al., 1984; Gard et al., 1985; Hatfield et
al., 1985; Kasper and Stosiek, 1990; Moll et al., 1991; Sarthy
etal., 1991; Feinstein et al., 1992). Two of these other cell types
that have been shown definitely to express GFAP are reactive
retinal Miiller cells and nonmyelinating Schwann cells (Jessen
and Mirsky, 1984; Sarthy and Fu, 1989; Feinstein et al., 1992).
However, only one line (7-2) of the six that express the lacZ
transgene in the brain also expresses it in the retina and pe-
ripheral nerves. While we have not proved that the expressing
cells in these tissues are actually Miiller cells and Schwann cells,
this is a reasonable assumption given the known presence of
GFAP in these cell types, and the absence of 7-2 transgene
activity in non-GFAP-containing tissues. The failure to detect
transgene activity in retina and peripheral nerve in the other
lines cannot be attributed to a general quantitative effect, as
CNS activity of the 7-2 transgene was comparable to that of the
other five lines, and its expression in the retina and peripheral
nerve, while low, was readily detectable. Instead, activity in
these other tissues probably depends on the integration site of
the transgene, which suggests that Miiller cells and Schwann
cells utilize a set of GFAP regulatory regions in the gfa2 segment
that differs from and is more integration site dependent than
that used in astrocytes. Alternatively, a critical region for ex-
pression in these cells may lie outside the gfa2 fragment and be
fortuitously supplied by insert-flanking host DNA. The recent
finding that the major site for initiation of GFAP mRNA in
Schwann cells is distinct from that in astrocytes (Feinstein et
al., 1992) may reflect such a regulatory difference.
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Figure 8. Comparison of the brain lacZ activity of males versus fe-
males of transgenic line 7-2. The lacZ activity was determined by the
MUG solution assay on 6-week-old individual males (M) and females
(F) of the 7-2 line (littermates).

The absence of peripheral nerve expression was also noted in
an earlier transgenic model of Mucke et al. (1991), in which the
lacZ reporter gene was inserted into the first exon of a 13.2 kb
genomic clone of the mouse GFAP gene. No data were presented
concerning expression of this transgene in retinal Miiller cells.
The mouse genomic clone used extended from approximately
2.0 kb upstream of the RNA start site (similar to the 5’ end of
the gfa2 fragment) to about 1.4 kb 3’ of the last exon. Hence,
inclusion of all the exons and introns of the GFAP gene was no
more conducive to expression in Schwann cells than the 2.2 kb
of the gfa2 fragment used here. Possibly, sequences farther up-
stream than —2.2 kb are required for consistent expression in
Schwann cells.

The only other nonastrocytic transgene expression observed
was in chondroblasts in the 6-4 line. It is unclear whether this
represents appropriate expression that is especially sensitive to
the site of integration, or is simply an artifact of this particular
line. Expression of GFAP immunoreactivity in chondroblasts
has been reported (Kasper and Stosiek, 1990).

A functional intronic element was reported by Sarkar and
Cowan (1991), who found that a segment of the first intron of
the murine gene was required to suppress expression in HeLa
cells. Our transgene did not include the first intron of the hGFAP
gene, yet showed no general ectopic expression. In addition,
when Schénrich et al. (1991) used a similar 5’ region of the
mouse GFAP gene to drive expression of an H-2KP" transgene,
they also found expression to be primarily in the brain. These
results: suggest that the first intron of the human and mouse
GFAP genes does not contain a significant negative regulatory
element.

The upregulation of the gfa2-lacZ transgene in response to a
stab wound shows that it contains one or more regulatory ele-
ments activated during reactive gliosis. It is possible that ad-
ditional elements that participate in GFAP upregulation lie out-
side the 2.2 kb gfa2 segment; for example, the data presented
by Mucke et al. (1991) suggest that their 13.2 kb genomic clone
of GFAP may mediate a stronger response. However, the lo-
calization to the gfa2 segment of at least one reactive site will
facilitate the precise identification of a transcriptional element
activated during gliosis, which in turn should provide important
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insights into regulatory mechanisms operating during this pro-
cess.

Expression of the gfa2-lacZ transgene in postnatal mice ap-
pears to be restricted to astrocytes and to follow a time course
similar to the endogenous gene (Lewis and Cowan, 1985; Choi,
1988; Tardy et al., 1989, 1990; Landry et al., 1990; Lazarini et
al., 1991; Li and Bartlett, 1991). Prenatally, however, the trans-
gene is expressed by E12.5 to E13.5, while the earliest stage
reported for expression of the endogenous GFAP gene is about
E16 (Bovolentaetal., 1987; Hirano and Goldman, 1988; Landry
etal., 1990). On the other hand, the position of the stained cells
is consistent with that of radial glia, which are first seen in the
mouse at about this time (Choi, 1988). In rodents, radial glia
express only vimentin and nestin (Schnitzer et al., 1981; Hock-
field and McKay, 1985) whereas primate radial glia also express
GFAP (Choi, 1981). In humans, GFAP-positive radial glia are
seen during the first third of gestation (Choi and Lapham, 1978;
Levitt and Rakic, 1980; Aloisi et al., 1992). If the transgene
expression seen by E13.5 is in radial glia, then it is in only a
subset of these cells, as the distribution of X-gal staining appears
to be more restricted than that reported for radial glia using the
antibody marker RC1 (Edwards et al., 1990).

Several hypotheses can be proposed to explain this early ex-
pression of the gfa2-lacZ transgene. First, the histochemical
detection of the /acZ reporter gene activity may be a more
sensitive indicator of GFAP transcriptional activity than pre-
viously used methods for detecting expression of the endogenous
gene. Second, a regulatory element outside the gfa2 fragment
may normally suppress prenatal expression of the gene. Third,
the human and murine genes may differ in their regulatory
elements, despite the high degree of homology that has been
found (Besnard et al., 1991), so in our transgenic system the
human pattern of developmental regulation is conferred through
use of the hGFAP promoter.

Pedigree analysis in the 7-2 line demonstrated that the trans-
gene had integrated into the X-chromosome. Quantitative com-
parisons of bacterial 8-galactosidase activity in brain extracts
of hemizygous females to that in males showed that the males
had almost exactly twice the levels of the females. These data
are consistent with the hypothesis that the hemizygous females
represented a mosaic of transgene-expressing and nonexpressing
cells, as predicted by the Lyon hypothesis. In studies of X-linked
myelin mutants of proteolipid protein, analogous mosaicism in
the oligodendrocytes appears as large, easily visible patches (Skoff
and Montgomery, 1981; Duncan et al., 1993). However, tissues
from hemizygous mice of the 7-2 line showed no evidence of
mosaicism in staining with X-gal. Either each X-inactivated
progenitor gives rise to only a very small patch of mature as-
trocytes, or there is extensive migration and intermingling of
astrocytes following their formation. In three previous studies
of transgenes that had integrated into the X-chromosome, ex-
pression patterns showed either random inactivation (Krumlauf
et al., 1986), partial inactivation (Wu et al., 1992), or escape
from inactivation (Goldman et al., 1987).

In summary, the data presented here show that a 2.2 kb seg-
ment of 5’-flanking DNA from the hGFAP gene is sufficient
both to direct astrocyte-specific transcription and to upregulate
activity in gliosis. The data also suggest that nonastrocytic cells
use a different set of GFAP regulatory elements to express GFAP.
The specificity shown by the gfa? fragment justifies focusing
further on this segment to identify specific regulatory elements
(Masood et al., 1993). It also provides a simple procedure for

directing expression of other genes in astrocytes in order to study
brain function. Such studies may ultimately allow modification
of the astrocyte response to injury in the brain, and amelioration
of the course of neurologic diseases.
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