
Conditionally-Immortalized Astrocytic Cell
Line Expresses GAD and Secretes GABA
Under Tetracycline Regulation

Soshana P. Behrstock,1 Vellareddy Anantharam,1 Kerry W. Thompson,1

Erik S. Schweitzer,3 and Allan J. Tobin2,3*
1Department of Physiological Science, University of California, Los Angeles
2Department of Neurology, University of California, Los Angeles
3Brain Research Institute, University of California, Los Angeles

We have engineered conditionally-immortalized mouse
astrocytes to express b-galactosidase or GAD65 in a
tetracycline-controlled fashion. The engineered cell lines,
BASlinbgal and BASlin65, divide at 33°C but cease divi-
sion at 39°C. We carried out morphological and bio-
chemical analyses to further understand GABA produc-
tion and release, and to determine the suitability of these
cells for transplantation. Using the BASlinbgal cell line,
we showed a dramatic regulation of b-galactosidase ex-
pression by tetracycline. The BASlin65 cell line showed
functional GAD65 enzymatic activity and GABA produc-
tion, both of which were suppressed by growth in the
presence of tetracycline. When cultured in the absence
of tetracycline, BASlin65 cells have a total GABA content
equal to or greater than other GABA-ergic cell lines.
Immunofluorescence microscopy revealed that GAD65
had a distinct perinuclear localization and punctate stain-
ing pattern. GABA, on the other hand, showed diffuse
staining throughout the cytoplasm. BASlin65 cells not
only synthesize GABA, they also release it into the extra-
cellular environment. Their ability to produce and release
significant amounts of GABA in a tetracycline-regulated
manner makes BASlin65 cells a useful cellular model for
the study of GABA production and release. Furthermore,
their non-tumorigenicity makes them excellent candi-
dates for transplantation into specific regions of the brain
to provide a localized and regulatable source of GABA to
the local neuronal circuitry. J. Neurosci. Res. 60:
302–310, 2000. © 2000 Wiley-Liss, Inc.
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We report the development of a murine astroglial
cell line that synthesizes and releases GABA. These cells
will be useful as a model system to study GABA produc-
tion and release. In addition, recent research suggests the
possible utility of ex vivo and in vivo gene transfer for the
delivery of neurochemicals (Tuszynski et al., 1990; Cun-
ningham et al., 1991; Salle et al., 1993). In the future,
transplantation of these engineered GABA-producing cells
into experimental animals will provide an opportunity to

evaluate the behavioral effects of GABA replacement on
specific neural circuits of the basal ganglia and the hip-
pocampal formation, particularly in relation to the patho-
genesis of Huntington’s disease, Parkinson’s disease, and
epilepsy.

In the nervous system, GABA is synthesized from
glutamate by the enzymatic action of glutamate decarbox-
ylase (GAD). Both isoforms of this enzyme, GAD65 and
GAD67, depend on the co-factor pyridoxal phosphate
(PLP) for full enzymatic activity, but they differ in their
molecular weights, their affinities for PLP, and their pos-
tulated cellular function (Erlander and Tobin, 1991).
GAD65 is membrane-associated, responds to added PLP
with a large increase in enzymatic activity, and has a
reported role in synaptic release of GABA (Erlander et al.,
1991; Kaufman et al., 1991). In contrast, GAD67 is dis-
tributed throughout the cytoplasm, shows low levels of
enzymatic stimulation with added PLP, and likely plays a
role in cellular metabolism (Erlander et al., 1991; Kaufman
et al., 1991).

Previous work in this and other laboratories has
yielded stable clones of genetically modified cell lines
engineered to express GAD and therefore to produce
GABA (Segovia et al., 1992; Ruppert et al., 1993). Al-
though these cell lines have been useful for studying the
molecular mechanisms underlying GABA production and
storage, their tumorigenicity after transplantation and their
lack of regulated expression limit their use in transplanta-
tion studies. To overcome these limitations, we have
engineered conditionally-immortalized astrocytic progen-
itor cells to produce GAD under the control of a
tetracycline-regulatable promoter. These cells can be used
to understand the production, storage and release of
GABA from astrocytes, and in the future can be used as
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cellular implants of non-tumorigenic cells that produce
GABA in a controllable manner.

Astrocytes have several potential advantages for
grafting studies (Kesslak et al., 1986; Smith et al., 1986;
Smith and Silver, 1988; Cunningham et al., 1991; Franklin
et al., 1991; Jiao et al., 1993; La Gamma et al., 1993;
Mucke et al., 1993; Takshima et al., 1994; Bradbury et al.,
1995). Unlike cell types such as myoblasts and fibroblasts,
astrocytes are components of the brain itself, and they
successfully survive transplantation (Fisher et al., 1991; Jiao
et al., 1993; La Gamma et al., 1993; Mucke et al., 1993).
The machinery for the release and uptake of compounds
to and from the extracellular environment already exists in
astrocytes, making them suitable to release neurotransmit-
ters. Finally, astrocytes facilitate recovery from injury of
the nervous system by taking up excess Ca21 and by
providing molecules that stimulate neuronal growth and
differentiation (Kesslak et al., 1986; Smith et al., 1986;
Franklin et al., 1991; Takshima et al., 1994).

Many previously used cell lines, derived from spon-
taneous tumors or from tumors induced by mutagenic
agents, form malignant tumors after transplantation
(Tumilowicz et al., 1970; Schubert et al., 1974). To avoid
the problem of tumorigenicity after cell transplantation,
we used a conditionally immortalized astrocytic cell line
(Bongarzone et al., 1996). We employed a temperature-
sensitive version of the SV40 large T antigen (tsA58) to
develop cell lines that divide at the permissive temperature
(33°C), allowing rapid clonal expansion (Jat and Sharp,
1989). At the non-permissive temperature (39°C), how-
ever, cells stop dividing and undergo cytodifferentiation
(Jat and Sharp, 1989; Whittemore and White, 1993). Such
conditionally immortalized cells, transplanted into the
brains of developing rats, can form mature structures with-
out any apparent tumors (Bredesen et al., 1990; Whitte-
more et al., 1991).

Giordano et al. (1993, 1996) have previously re-
ported GAD expression in an immortalized striatal cell
line, with GABA production occurring in a constitutive
fashion. Although useful for studying the processes of
GABA production and secretion, such constitutively ex-
pressing cells can be problematic in brain transplantation
studies. With cells that constantly secrete GABA, it is
difficult to separate the effects of the GABA release from
the effects of the implant itself. Moreover, tonic wide-
spread activation of GABA receptors may actually induce
absence seizures (Hosford et al., 1992). To avoid potential
problems of uncontrolled GABA release, we engineered
cells to express GAD, and therefore synthesize and release
GABA, under tetracycline regulation.

Gossen and Bujard (1992) have developed a
tetracycline-responsive promoter system that allows the
tight regulation of gene expression. In this system, gene
expression depends on a minimal human cytomegalovirus
(HCMV) immediate-early promoter fused to seven copies
of the Tn-10 tetracycline operator. Cells constitutively
express the tetracycline-controlled transactivator (tTA), a
fusion protein that consists of the tetracycline repressor

combined with the transcriptional transactivation domain
of VP16 from herpes simplex virus. In the presence of
tetracycline, tTA does not bind to the tet operator, and
transcription effectively ceases. After removal of tetracy-
cline, however, tTA binds to the tet operator, and robust
expression occurs.

Using this system, we have genetically engineered
conditionally immortalized astrocytes that are non-
tumorigenic and exhibit tightly regulated expression of
GAD and production of GABA. We believe these cells
will prove useful for studies addressing the role of GABA
in normal brain circuitry as well as in neurological disor-
ders such as Parkinson’s disease, Huntington’s disease, and
epilepsy.

MATERIALS AND METHODS

Construction of GAD65 and b-Galactosidase cDNAs

We obtained a 2.3-kb EcoR1 fragment containing the
1,755-bp coding region of the rat GAD65 cDNA from
pL(2.4RG65)SN (Ruppert et al., 1993). We then produced a
GAD65 construct, LIN(2.3RG65), by blunt-end ligation into
the Cla1 site of the LinX vector (a gift of Dr. F. Gage; Hosimaru
et al., 1996) (Fig. 1A). We produced a similar construct with
b-galactosidase, LIN(bgal), cloning a 3.4-kb EcoR1 fragment of
the E. coli b-galactosidase cDNA from pUHG16-3 (a gift of Dr.
H. Bujard; Gossen and Bujard, 1992) into the Cla1 site of the
LinX vector by blunt-end ligation (Fig. 1B).

Fig. 1. Tetracycline-regulated expression of GAD65 and b-galactosidase.
The LIN(2.3RG65) construct (A) and the LIN(bgal) construct (B) pro-
duce GAD65 and b-galactosidase under the control of tetracycline. The
LinX vector contains a long terminal repeat (LTR) of Moloney murine
sarcoma virus. The LTR drives the expression of both tTA (oval) and,
using an internal ribosome entry site (IRES), neomycin phosphotransferase
(hexagon) genes. In the absence of tetracycline, tTA binds the tetracycline
operator sequences present in the hybrid promoter to stimulate transcrip-
tion from the minimal HCMV promoter (PhCMV*-1). Transcription
yields the 2.3-kb mRNA for GAD65 (star) or the 3.4-kb mRNA for
b-galactosidase in LIN(2.3RG65) or LIN(bgal). Tetracycline (1 mg/ml)
(rectangle) binds the tTA to prevent stimulation of PhCMV*-1, thus
controllably inhibiting GAD65 or b-galactosidase production.
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The retroviral LinX vector contains a long terminal repeat
(LTR) of Moloney murine sarcoma virus. The LTR drives the
expression of both tTA and, using an internal ribosome entry
site (IRES), neomycin phosphotransferase genes. In the absence
of tetracycline, tTA binds the tetracycline operator sequences
present in the hybrid promoter to stimulate transcription from
the minimal HCMV promoter (PhCMV*-1). Transcription
yields the 2.3-kb mRNA for GAD65 or the 3.4-kb mRNA for
b-galactosidase in LIN(2.3RG65) or LIN(bgal). Tetracycline
(1 mg/ml) binds the tTA to prevent stimulation of PhCMV*-1,
thus controllably inhibiting GAD65 or b-galactosidase produc-
tion.

After blunt-end ligation of rGAD65 or b-galactosidase
cDNA into the Cla1 site of the LinX vector, DH5a competent
cells were transformed and grown overnight on ampicillin se-
lection plates. After this selection, the DNA was isolated, using
a miniprep procedure, and digested with restriction enzymes
(BamHI, BSP1061, and EcoRI) to determine orientation. DNA
was purified using QIAGEN maxipreps and stored at 280°C.

Cell Culture and Transfection

The astrocytic cell line BAS8.1 was immortalized from
0–3 days postnatal BALB/c mouse primary glial cortical cultures
using the temperature-sensitive SV40 large T antigen (Bongar-
zone et al., 1996). To engineer the BAS8.1 cell line, these
primary cultures were infected with virus from the c2 packaging
cell line, that had been transfected with the recombinant pZ-
IPSVtsA58 retrovirus containing the genes for SV40 large
T-antigen and puromycin resistance. BAS8.1 cells were main-
tained at 33°C in 5% CO2 in DMEM/F12, 10% FCS, 3 mg/ml
puromycin, and penicillin/streptomycin. Cells were passaged
twice a week using trypsin-EDTA. Characterization of this
astrocyte cell line showed they were positive for glial fibrillary
acidic protein (GFAP), and negative for the oligodendroglial
marker myelin basic protein (MBP) and the neuronal marker
neuron specific enolase (NSE).

Figure 1 shows the constructs used to generate the stable
cell lines, called BASlin65 and BASlinbgal, that produced
GAD65 or b-galactosidase, in a tetracycline-controllable fashion
(see Results). BAS8.1 cells were electroporated (275 mV, 50
mA) in the presence of 10 mg of LIN(2.3RG65) or LIN(bgal).
Transfected astrocytes were selected two days after electropora-
tion with the neomycin analogue, G418 (500 mg/ml, Sigma).
Individual colonies, transferred to separate flasks using glass
cloning cylinders, were expanded and maintained in the pres-
ence of 250 mg/ml G418, and then analyzed for the expression
of GAD65 or b-galactosidase. Whereas BASlin65 and
BASlinbgal stable cell lines were usually grown at 33°C, some
experiments were also done at 39°C. At 39°C, the cells effec-
tively cease mitosis, and survive for at least 3 weeks. Regulatable
expression of GAD65 and b-galactosidase in engineered BAS8.1
cells was achieved by addition or removal of 1 mg/ml tetracy-
cline to the growth media.

Cell growth was monitored by harvesting passage 15 cells
grown at 33°C and then plating equal number of cells (2 3 105)
into replicate 4 cm dishes. At time zero, dishes were placed into
incubators at 33°C or 39°C. After 48, 72, or 96 hr, cells were
harvested and cell numbers were estimated by quantitating DNA
using Hoescht dye (Larbarca et al., 1980).

GAD Assay and b-Galactosidase Assay

GAD and b-galactosidase assays were performed on BAS-
lin65 and BASlinbgal colonies. We chose one GAD-producing
line and one b-galactosidase-producing line for further charac-
terization.

GAD activity was measured in triplicate on cell homog-
enates in the presence or absence of 0.05 mM pyridoxal phos-
phate (PLP), the obligate cofactor for GAD65 (Kaufman et al.,
1991). We assayed GAD activity by a 14CO2-trapping proce-
dure using a filter wet with pH basic tissue solubilizer TS-2
(RPI) (Erlander et al., 1991). Filters were then counted to
determine GAD activity as nmol CO2 released/mg protein/hr.
Protein concentrations, used to normalize results, were deter-
mined using the BioRad microassay (Bradford, 1976).
b-galactosidase activity was measured by a colorimetric assay
using o-nitrophenyl-b-D-galactopyranoside (ONPG).

Western Blot Analysis

Extracts of BASlin65 and other cells corresponding to 15
mg of protein were separated by electrophoresis on a 10%
SDS-polyacrylamide gel. The fractionated proteins were trans-
ferred to a 0.45-mm nitrocellulose filter and probed with GAD6,
a monoclonal antibody specific for GAD65 (Gottlieb et al.,
1986). Analysis for GAD65 protein was by ECL (Amersham)
detection method, using prestained molecular weight markers
(BioRad).

Immunofluorescence

Cells were grown on poly-D-lysine-coated glass slides
until 80% confluent. Cells were rinsed with phosphate-buffered
saline (PBS, diluted from 10X PBS, GIBCO-BRL, 90.0 g/L
NaCl, 2.10 g/L KH2PO4, 7.26 g/L Na2HPO4 z z 7H2O, pH7.2)
and then fixed in 4% formaldehyde for 30 min at room tem-
perature. After two quick rinses with PBS, cells were perme-
abilized with 0.1% Triton X-100 in PBS for 2 min. After 3
additional rinses in PBS, cells were incubated overnight at 4°C
in primary antibody plus 0.5% sheep serum blocking solution
and 0.01% Tween-20 in PBS. Antibodies and their concentra-
tions for the various experiments were as follows: GAD6 (a
mouse monoclonal IgG raised to GAD65), 1:15; anti-GABA
rabbit polyclonal IgG (Sigma), 1:1000; anti-SV40 mouse IgG
(Pharmingen), 1:200. Bound primary antibodies were detected
by anti-mouse IgG or anti-rabbit IgG secondary antibodies,
labeled with FITC or rhodamine, at 1:200, for 30 min at room
temperature.

HPLC

Cells were washed with PBS and processed to assay either
total cellular GABA content or GABA release. GABA content
was determined by adding 0.4 M perchloric acid in PBS for 10
min before harvesting the cells by scraping. Lysates were then
sonicated and filtered. GABA release was determined by incu-
bating the cells in basal medium (144 mM NaCl, 1 mM MgCl2,
4 mM KCl, 1.8 mM CaCl2, 5 mM glucose, 10 mM HEPES, pH
7.1) for 1 hr, after which time medium was collected and
filtered. GABA was detected in triplicate by reverse-phase
HPLC and fluorescence detection of o-phthaldehyde-
derivatized adducts as described previously (Lindroth and Mop-
per, 1979).
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RESULTS
Mouse cortical astrocytes were conditionally immor-

talized using the temperature-sensitive mutant form of the
SV40 large T antigen to produce the BAS8.1 cell line. At
the proliferation-permissive temperature (33°C), cells can
be transfected, cloned, and grown in large numbers for
biochemical characterization. When cells are shifted to the
non-permissive temperature (39°C, equivalent to the tem-
perature of the rodent CNS), proliferation should stop,
enabling the cells to be transplanted in a safe, non-
tumorigenic state.

To characterize our ability to control proliferation
and transgene expression, we used the BAS8.1 cell line to
genetically engineer a b-galactosidase-producing cell line
(BASlinbgal) and a GABA-producing cell line (BAS-
lin65), as described below. Immunofluorescence micros-
copy demonstrated differences in large T antigen distribu-
tion between cells grown at 33°C and 39°C. At the lower
temperature, BASlin65 showed strong localization of large

T antigen to the nucleus (Fig. 2A). In contrast, at the
higher temperature, BASlin65 had no detectable nuclear
accumulation of large T antigen, presumably due to large
T antigen protein denaturation or increased degradation
(Fig. 2B). When these cell lines were shifted from 33°C to
39°C, the cells stopped proliferating and took on a flatter,
more extended shape. This cessation of growth is docu-
mented in Figure 2C, that shows 96 hr growth curves at
both 33° and 39°.

To test for regulated expression of a foreign trans-
gene, we transfected BAS8.1 cells with the reporter con-
struct LIN(bgal) (Fig. 1B). Cytochemical analysis of
BASlinbgal cells confirmed that b-galactosidase activity
was expressed, and that this expression was tightly regu-
lated by tetracycline (Fig. 3A and 3B). Quantitative anal-
ysis of enzymatic activity demonstrated that cells grown at
33°C in the absence of tetracycline had a b-galactosidase
activity of 34 nmol ONPG cleaved/mg protein/hour.
After 72 hr in the presence of tetracycline, b-galactosidase

Fig. 2. T antigen distribution and
temperature sensitive growth at
33°C and 39°C. Immunofluores-
cence microscopy demonstrated
differences in large T antigen dis-
tribution between cells grown at
33°C and 39°C. At the permissive
temperature, large T antigen is
detectable in the nucleus (A). At
the restrictive temperature, no
detectable nuclear accumulation
is apparent (B). Growth rates
studied over 96 hr showed that
cells continued to divide at 33°C
(diamond), whereas at 39°C (tri-
angle) growth was arrested (C).
Scale bar 5 20mm.
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activity dropped dramatically (Fig. 3C). Similar
b-galactosidase activity and tetracycline control were ob-
served in cells grown at 39°C (data not shown).

We then determined whether a similar construct
could drive the expression of the GABA-synthesizing en-
zyme, GAD. Because GAD65 has a reported role in syn-
aptic release of GABA, whereas GAD67 likely plays a role
in cellular metabolism, we chose this isoform because we
are ultimately interested in transplanting our engineered
cells into specific brain regions to provide a localized
source of released GABA (Erlander and Tobin, 1991;
Erlander et al., 1991; Kaufman et al., 1991). The parent
astrocytic BAS8.1 cell line did not express significant
amounts of endogenous GAD65, as tested by RT-PCR
(data not shown). We transfected these cells with the
construct LIN(2.3RG65), in which rat GAD65 expression
is driven by the same tetracycline-responsive element that
we used to regulate b-gal (Fig. 1A). After transfection, we
tested several clonal populations for GAD activity, that
varied from 33 to 112 nmol CO2/mg protein/hr. We
chose one stable cell line, BASlin65, with intermediate
GAD activity, to further characterize GAD65 and GABA
production. Most of our characterization was done on
proliferating cells grown at 33°C. We also performed

additional studies on non-proliferating cells maintained at
39°C, at which temperature cells survived at least three
weeks in culture.

Consistent with the results obtained for b-
galactosidase expression in BASlinbgal cells, we demon-
strated that the expression of GAD65 in BASlin65 cells was
highly regulated by tetracycline. GAD65 polypeptide was
clearly evident in rat brain extracts (Fig. 4, lane 1) as well
as in BASlin65 cells grown in the absence of tetracycline
(Fig. 4, lane 3). When grown in the presence of 1ug/ml
tetracycline, however, the level of GAD65 expression de-
creased dramatically to undetectable levels (Fig. 4, lane 3),
indistinguishable from BASlinbgal cells (Fig. 4, lane 2).

We also assayed GAD enzymatic activity in BAS-
lin65 cells in the presence and absence of tetracycline, at
both 33°C and 39°C (Fig. 5). GAD activity at 33°C was
40 nmol CO2/mg protein/hr without PLP and 67 nmol
CO2/mg protein/hr with PLP, a 59% increase in GAD
activity. This stimulation of GAD activity is consistent the
known PLP-dependence of GAD65 (Erlander et al., 1991;
Kaufman et al., 1991). Paralleling our results on GAD
protein levels, GAD activity was tightly controlled by
tetracycline, as shown by the dramatic decrease (.90%) in
GAD activity in BASlin65 cells grown in the presence of

Fig. 3. Tetracycline regulates
b-galactosidase expression. b-
galactosidase activity in BASlin-
bgal cells grown in the absence
(A) and presence (B) of tetracy-
cline. Cytochemical analysis of
BASlinbgal cells showed that
b-galactosidase activity was present
and tightly regulated by tetracy-
cline, confirming that our con-
struct was effective in regulating
expression of an associated in-
sert. Cells grown at 33°C had a
b-galactosidase activity of 34
nmol ONPG cleaved/mg protein/
hour. Cells grown with tetracy-
cline (1 mg/ml) had dramati-
cally suppressed activity over 72
hr (C). Scale bar 5 100 mM.
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1 mg/ml tetracycline. GAD activity and regulation were
similar at 33°C and at 39°C, as BASlin65 grown at 39°C also
demonstrated tetracycline-regulatable, PLP-responsive GAD
activity (Fig. 5). GAD activity remained high to at least 30
passages of BASlin65 cells.

Immunofluorescence localization studies of GAD65
protein in the transfected astrocytes indicated that GAD65
is distributed in a distinct perinuclear localization and

punctate staining pattern (Fig. 6B). This appearance sug-
gests that the GAD65 is associated with membrane vesicles
in the cytoplasm of the astrocytic cells, consistent with the
known ability of GAD65 to interact with membranes
(Solimena et al., 1994). Moreover, the perinuclear local-
ization of the GAD65 corresponded to that described for
synaptic vesicle proteins expressed in non-neuronal cells
(Feaney et al., 1993). In contrast, immunofluorescence
analysis with an anti-GABA antibody showed that the
distribution of GABA was diffuse throughout the cyto-
plasm (Fig. 6C), as would be expected for cells that lack
the vesicular GABA transporter. Cells grown at 39°C
showed similar distributions of GAD65 and GABA immu-
noreactivity (data not shown). Again, both GAD65 and
GABA immunoreactivity showed tight regulation by tet-
racycline (Fig. 6E and 6F).

Because our goal was to generate a cell line that
could serve as a vehicle for GABA delivery to distinct
regions of the brain, we examined the ability of BASlin65
cells to synthesize and release GABA. The total GABA
content of BASlin65 cells, as measured by HPLC, was 26
nmol GABA/106 cells (Fig. 7). Under resting conditions,
about 7 nmol GABA/106 cells/hr was released from these
cells into the extracellular environment (i.e., about 30% of
the total cellular content/hour). As expected, GABA pro-
duction, like GAD activity and GAD immunoreactivity,
was tightly regulated by tetracycline (Fig. 7). We have thus
demonstrated that BASlin65 cells can release significant
amounts of GABA into the extracellular medium, and that
this release can be regulated by tetracycline.

DISCUSSION
In this study, we used a cell line conditionally im-

mortalized with a temperature-sensitive mutant of SV40
large T-antigen. These cells are advantageous for trans-
plantation studies because cell growth occurs only at per-
missive temperatures, whereas at non-permissive temper-
atures cells cease mitosis but retain metabolic activity ( Jat
and Sharp, 1989; Whittemore and White, 1993). We have
demonstrated that this astrocytic cell line is likely non-
tumorigenic, because at 39°C division ceases, whereas
production of GAD65 and GABA is unaffected. Because
the cells were healthy in culture at 39°C, they are likely to
remain viable after transplantation, thus providing some of
the many astrocyte-derived factors described previously
(Kesslak et al., 1986; Smith et al., 1986; Smith and Silver,
1988; Cunningham et al., 1991; Franklin et al., 1991; La
Gamma et al., 1993; Mucke et al., 1993; Takshima et al.,
1994; Bradbury et al., 1995).

We engineered this conditionally immortalized as-
trocytic cell line to produce b-galactosidase (BASlinbgal)
or GAD65 (BASlin65) in a tetracycline-regulatable man-
ner. In view of previous reports that some cell lines with
tetracycline-sensitive constructs have a low responsiveness
to tetracycline (Ackland-Berglund and Leib, 1995; Howe
et al., 1995), it was important to demonstrate that gene
expression in the BASlinbgal and BASlin65 cell lines
could be tightly suppressed. Both enzymatic assays and
histochemical analysis showed that the BASlinbgal cell

Fig. 4. Tetracycline regulates GAD65 production. In BASlin65 cells
GAD65 polypeptide was detectable in rat brain extracts and in BASlin65
cells grown in the absence of tetracycline (lanes 1 and 3). In the
presence of tetracycline (1 mg/ml), however, the level of GAD65

expression was undetectable and indistinguishable from the BASlinbgal
cells (lane 2 and 4).

Fig. 5. Tetracycline regulates GAD enzymatic activity in BASlin65 at
both 33°C and 39°C. Cell extracts were incubated with 14C-glutamate
in the presence (solid bar) and absence (open bar) of the cofactor
pyridoxal phosphate (PLP). GAD activity at 33°C was 40 nmol
CO2/mg protein/hour without PLP, and 67 nmol CO2/mg protein/
hour with PLP. GAD activity was tightly controlled by tetracycline, as
shown by the dramatic decrease (.90%) in GAD activity in BASlin65
cells grown in the presence of 1 mg/ml tetracycline. GAD activity and
regulation were similar at 33°C and at 39°C, as BASlin65 grown at
39°C also demonstrated tetracycline-regulatable, PLP-responsive GAD
activity. Error bars 5 SEM.
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line is highly responsive to tetracycline. A high level of
b-galactosidase expression and tight controllability in the
engineered BASlinbgal reporter cell line verify that our
constructs and methods were successful. Western blot
analysis, GAD assays, immunofluorescence experiments,
and HPLC studies showed that GAD65 is expressed and
GABA is produced in BASlin65 grown in the absence of
tetracycline, but that this expression dramatically decreases
in the presence of tetracycline. The tight regulation of
gene expression permits the evaluation of the effects of
GABA delivery independent of cell transplantation effects.

The GAD65 protein is not only expressed, but it is
also enzymatically normal because we have demonstrated
its PLP-dependence resembles that of endogenous GAD65
(Erlander et al., 1991; Kaufman et al., 1991). The local-
ization pattern of GAD65 in the engineered BASlin65 cell
line also implies that this introduced enzyme retains prop-
erties characteristic of endogenous GAD65. Immunofluo-

rescence studies showed that GAD65 in BASlin65 cells can
associate with membranes, a previously described charac-
teristic of GAD65 rather than GAD67 (Kaufman et al.,
1991). Moreover, the staining was not associated with all
membranes, but instead was localized to particular regions
of the BASlin65 cells, suggesting that the GAD65 associ-
ated selectively with certain intracellular membranes. In
particular, in BASlin65 cells it seems that GAD65 behaves
like a synaptic vesicle protein because the localization of
GAD65 in these astrocytic cells is similar to the pattern
reported for synaptic vesicle proteins expressed in other
non-neuronal cells (Feaney et al., 1993).

As a consequence of the tetracycline-regulated ex-
pression of GAD65, GABA production was also turned on
and off in these cells. We have demonstrated tetracycline-
regulated GABA production by quantitative HPLC anal-
ysis, that indicates that BASlin65 cells produce more
GABA than other reported GABA-ergic cell lines, a find-
ing that increases the utility of these cells as candidates for
brain transplantation studies (Giordano et al., 1993; Rup-
pert et al., 1993; Giordano et al., 1996). Cells grown in the
presence of tetracycline do not produce GABA at levels
detectable by either immunofluorescence or HPLC anal-
ysis, suggesting that it should be possible to switch GABA
production and release off or on in brain transplants by
providing or withdrawing tetracycline.

In addition to synthesizing GABA, the BASlin65
cells also release GABA into the extracellular environ-
ment. The diffuse staining pattern of GABA suggests that
BASlin65 cells do not package GABA into storage vesicles.
This is consistent with the astrocytic phenotype of this cell
line, because glial cells do not contain either the synaptic
vesicles nor the vesicular GABA transporter that neurons
use to store and release GABA (McIntire et al., 1997).
Indeed, we have obtained preliminary immunofluores-
cence findings showing that BASlin65 cells do not express
the vesicular GABA transporter protein.

The absence of the vesicular GABA transporter has
important implications for GABA secretion, because re-
lease of GABA from the cytoplasm, rather than from
vesicles, would not be expected to depend on increased
intracellular Ca21. In fact, preliminary HPLC data sug-
gests that GABA release from these cells is Ca21-

Fig. 6. Perinuclear and punctate distribution of
GAD65 and diffuse distribution of GABA. Pan-
els A and D are phase contrast images of the
BASlin65 cells shown in panels B, C and panels
E, F, respectively. GAD65 is present in the
cytoplasm, with a distinct perinuclear localiza-
tion and punctate staining pattern (B). In con-
trast, immunofluorescence analysis with an
anti-GABA antibody showed that the distribu-
tion of GABA was diffuse throughout the cy-
toplasm (C). Both GAD65 and GABA immu-
noreactivity showed tight regulation by
tetracycline (E, F). Scale bars 5 20 mM.

Fig. 7. BASlin65 cells synthesize and release GABA. The total GABA
content of BASlin65 cells, measured by HPLC, was 26 nmol GABA/
106 cells. GABA release after a 60 min exposure to a balanced salt
solution was also measured by HPLC. Under resting conditions, about
7 nmol GABA/106 cells/hr was released from these cells into the
extracellular environment. GABA production was tightly regulated, as
BASlin65 cells grown in tetracycline produced an undetectable level of
GABA. Error bars 5 SEM.
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independent because release was unaffected by the addi-
tion of A23187, a Ca21 ionophore, or by EGTA, a Ca21

chelator. On the other hand, preliminary transport studies
using 3H-GABA showed that uptake by BASlin65 was
blocked with b-alanine, a specific blocker of the glial
GABA transporter GAT-3 (Liu et al., 1993). Therefore,
although BASlin65 cells do not seem to have Ca21-
stimulated vesicular release, it is possible that some GABA
may be released from the cells through reversal of one of
the plasma membrane GABA transporters (Gallo et al.,
1991; Atwell et al., 1993).

In conclusion, we have generated an immortalized
astrocytic cell line that expresses GAD65 and produces
GABA in a tetracycline-regulatable fashion. These cells
will help us understand the functions of GAD65 and
GABA in a neural cell line, independent of other GABA-
associated proteins such as the vesicular GABA transporter.
The non-tumorigenic nature of this cell line, and the
ability to control gene expression, make it an excellent
choice for grafting experiments. BASlin65 cells allow sig-
nificant basal release of GABA without the depolarization
and Ca21 influx typically required for neuronal release of
neurotransmitters. Hence, these cells are attractive as a
local source of GABA in transplantation studies, because
they will not require specific connections or activation to
trigger GABA release. We have recently obtained results
that BASlin65 cells do not form tumors in vivo and
survive for at least 4 weeks after transplantation into the rat
brain. Furthermore, when grafted into the substantia nigra,
these GABA-producing cells significantly affect the devel-
opment of behavioral seizures in kindled rats (Thompson
et al., 2000). Because of their safety, their tight controlla-
bility, their ability to produce and release GABA, and their
potential to survive in long-term grafts, BASlin65 cells are
an excellent tool for experimental studies of GABA in
normal neuronal circuitry and in Parkinson’s disease,
Huntington’s disease, and epilepsy.
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