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ABSTRACT

In the adult mammalian brain, neurogenesis originates
from astrocyte-like stem cells. We generated a transgenic
mouse line in which the tetracycline dependent transactiva-
tor (tTA) is expressed under the control of the murine GFAP
promoter. In this mouse line, inducible gene expression
targets virtually all GFAP-expressing stem-like cells in the
dentate gyrus and a subset of GFAP-expressing progenitors
located primarily in the dorsal wall/dorsolateral corner of
the subventricular zone. Outside the neurogenic zones,
astrocytes are infrequently targeted. We introduce a panel
of transgenic mice which allow both inducible expression of
candidate genes under control of the murine GFAP promoter
and, at the same time, lineage tracing of all cells descendant
from the original GFAP-positive cell. This new mouse line
represents a versatile tool for functional analysis of neuro-
genesis and lineage tracing. ©2011 Wiley-Liss, Inc.

INTRODUCTION

In the adult mammalian brain, neurogenesis has been
firmly established in two brain areas, the subventricular
zone (SVZ), including the rostral migratory stream
(RMS), and the hippocampal dentate gyrus (DG)
(Doetsch, 2003; Gritti et al., 2002). Neural stem cells
(NSC) with astrocytic characteristics including GFAP
immunoreactivity are derived from radial glia and
persist into adulthood in both the subgranular and sub-
ventricular zones (Alvarez-Buylla et al., 2002; Garcia et
al., 2004; Merkle et al., 2004; Seri et al., 2001). In an
elaborate, stepwise process involving several intermedi-
ate cell types, these NSCs mature into granule neurons
in the hippocampal DG (Kempermann et al., 2004) or
migrate through the RMS to the olfactory bulb (OB)
where they form interneurons (Carleton et al., 2003).

In the past, the study of neurogenesis has relied on
3H-thymidine and BrdU-labeling. However, with the
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BrdU technique, a number of limitations such as toxicity
(Taupin, 2007), nonproliferative DNA synthesis (Kuan et
al., 2004) and difficulties in co-localizing nuclear BrdU
staining with cell-type specific markers have to be taken
into account (Kronenberg et al., 2003). Retrovirus-medi-
ated lineage tracing may avoid these problems, but
requires stereotactic injection of the virus into the brain,
so lesion effects on neurogenesis have to be considered.
Mouse genetic fate mapping of adult neurogenesis with
reporter proteins represents a major advance in available
methodology (Imayoshi et al., 2008; Lagace et al., 2007;
Ninkovic et al., 2007; Young et al., 2010). Increasingly,
conditional genetic mouse models using CreERT/loxP
technology enable researchers to delete target genes in
neural precursors (Balordi and Fishell, 2007; Breunig et
al., 2007; Colak et al., 2008; Kuo et al., 2006) and a num-
ber of studies have coupled this with lineage tracing (Gao
et al., 2009; Lagace et al., 2008). By contrast, only few
studies have described conditional tet-regulated overex-
pression of target genes in neural progenitors of adult
mice (Dupret et al., 2008; Farioli-Vecchioli et al., 2008)
and none have combined this with genetic fate mapping.
Here, we describe a conditional gene expression sys-
tem that allows inducible expression of a candidate gene
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in GFAP+ neural progenitors and, at the same time, lin-
eage tracing with the reporter protein B-galactosidase
(Bgal). We demonstrate the practicality and versatility of
this approach with a panel of transgenic mice. First, we
establish that transgenic mGFAP-tTA/Ptet-nLacZ and
mGFAP-tTA/Ptet-EGFP mice target inducible gene
expression to virtually all GFAP+ progenitor cells in the
DG and to a subset of GFAP+ progenitors in the dorsal
wall/dorsolateral corner of the SVZ. By contrast, the
majority of GFAP+ astrocytes outside the neurogenic
niches are not labeled. Next, we demonstrate that induc-
ible labeling of GFAP+ progenitor cells with Bgal allows
tracing of adult neurogenesis in triple-transgenic
mGFAP-tTA/Ptet-Cre/R26R mice. Finally, we describe
quadruple-transgenic =~ mGFAP-tTA/Ptet-DTA/Ptet-Cre/
R26R mice that combine inducible gene expression of
diphtheria toxin A (DTA) in GFAP+ progenitors of the
DG with fate mapping of the entire process of adult neu-
rogenesis with Bgal. The dual system introduced here
allows the study of both early and late developmental
effects of gene overexpression in adult neural progenitor
cells of the subgranular zone (SGZ) and the dorsal/dorso-
lateral wall of the SVZ.

MATERIALS AND METHODS
Generation of Transgenic Mice

To generate tet-promoter controlled diphtheria toxin
A mice Tg(tetO-D/DTA) (Ptet-DTA), a cDNA encoding the
debilitated diphtheria toxin A gene (D-DTA) (Maxwell et
al., 1987) (generous gift of Joseph A. Gogos) was flanked
by EcoRV sites by PCR and cloned into the EcoRV site of
plasmid MM400 (Mayford et al., 1996). Seven Ptet-DTA
transgenic founder mice were obtained by DNA microin-
jection with a Notl Ptet-DTA linearized fragment. Found-
ers were functionally characterized by crossing them
with a nestin-tTA transgenic mouse line (Sahay and
Hen, unpublished observation). Ptet-DTA line 2.11 was
used for all further studies.

To generate tet-promoter controlled EGFP mice
Tg(tetO-EGFP) (Ptet-EGFP), a pBI-EGFP vector (Clon-
tech) was digested with AatIl and Sapl to release the
Ptet-EGFP sequence from its plasmid backbone. Five
Ptet-EGFP transgenic founder mice were obtained by
DNA microinjection. Founders were functionally charac-
terized by crossing them with mGFAP-tTA mice. Ptet-
EGFP line 167-38 was used for all subsequent studies.

To generate murine GFAP-promoter controlled transac-
tivator (tTA) mice Tg(mGFAP-tTA) (mGFAP-tTA), a cDNA
encoding the synthetic transactivator gene (Urlinger
et al., 2000) was cloned into the Notl site of the C3123
plasmid (generous gift of Lennart Mucke) downstream of
a 2 kb fragment of the murine GFAP-promoter (mGFAP)
(Johnson et al., 1995) and released from its backbone with
Sfil. Transgenic mice were generated by DNA microinjec-
tion. Seven mGFAP-tTA founder mice were obtained.
mGFAP-tTA mice were functionally characterized by
crossing them to tet-promoter (Ptet) controlled Pgal
reporter mice Tg(tetNZL)2Bjd/J (Ptet-nLacZ) (Schonig
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and Bujard, 2003) yielding double-transgenic mGFAP-
tTA/Ptet-nLacZ mice. The mGFAP-tTA line 64-27, which
was used for all subsequent analyses, was further charac-
terized by generating double-transgenic mGFAP-tTA/Ptet-
DTA and mGFAP-tTA/Ptet-EGFP mice through crossings
with Ptet-DTA mice and Ptet-EGFP mice, respectively.

To characterize the fate-mapping capacity of the
mGFAP-tTA line, we first created double-transgenic
Ptet-Cre/R26R mice by mating B6;12954-Gt(ROSA)26-
Sor™15°t/ ] mice (R26R) (Soriano, 1999) with B6;C-
Tg(tetO-cre)LC1Bjd/BjdIbem (Ptet-Cre) mice (Schonig
et al.,, 2002). For the purpose of generating triple and
quadruple transgenic mice, Ptet-Cre/R26R mice were bred
to homozygosity. Homozygous Ptet-Cre/R26R mice were
then either crossed to mGFAP-tTA mice to generate triple-
transgenic mGFAP-tTA/Ptet-Cre/R26R mice or crossed to
mGFAP-tTA/Ptet-DTA mice to obtain quadruple-trans-
genic mGFAP-tTA/Ptet-DTA/Ptet-Cre/R26R mice. Com-
pared to matings with heterozygous Ptet-Cre/R26R mice
the ratio of triple-transgenic mGFAP-tTA/Ptet-Cre/R26R
and quadruple-transgenic mGFAP-tTA/Ptet-DTA/Ptet-
Cre/R26R offspring from matings with homozygous
Ptet-Cre/R26R mice increases from 1:8 to 1:2 and from
1:16 to 1:4, respectively.

Mice were housed individually and kept under a 12 h/
12 h light/dark cycle with ad libitum access to food
and water. All experimental procedures conformed to
institutional guidelines and were approved by an official
committee.

Doxycycline Treatment

Doxycycline (Dox) was given via drinking water
sweetened with 5% sucrose. During matings and preg-
nancy 5 pg/mL Dox was given to inhibit binding of tTA
to Ptet (referred to as “suppression”). Postnatally, the
concentration of Dox was increased to 50 pg/mL to sus-
tain effective transcriptional suppression. Ptet-controlled
target gene expression was initiated by removing Dox
from the drinking water (referred to as “activation”).

Histological Procedures

Brains were perfusion-fixed with 4% paraformaldehyde
and cut into 40-um sections. For X-gal histochemistry,
5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal;
Sigma-Aldrich) was dissolved in dimethylformamide
(20 mg/mL) (Sigma-Aldrich) and further diluted in stain-
ing solution consisting of 5 mM potassium ferricyanide,
5 mM potassium ferrocyanide, and 2 mM magnesium
chloride in PBS to a final concentration of 1 mg X-Gal/
mL staining solution. Antibodies were diluted in PBS
containing 0.1% Triton X-100 and 10% normal donkey
serum. The following primary antibodies were used:
mouse a-GFAP (Sigma, 1:2,000), rabbit «-Ki67 (Abcam,
1:200), mouse a-NeulN (Chemicon, 1:4,000), goat a-Double-
cortin (Santa Cruz, 1:500), rat o-Nestin (BD, 1:100), rabbit
a-Sox2 (Chemicon, 1:1,000), chicken «-Bgalactosidase
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(Abcam, 1:10,000), mouse «a-Calbindin (Swant, 1:2,000),
rabbit a-Calretinin (Swant, 1:2,000), rabbit «-GFP (Invi-
trogen, 1:1,000), mouse a-tyrosine hydroxylase (Millipore,
1:500), mouse a-Parvalbumin (Sigma, 1:2,000), and mouse
a-GADG67 (Chemicon, 1:500). Secondary antibodies conju-
gated to AF488 (Invitrogen), and to Cy2, Cy3, and Cy5
(Jackson ImmunoResearch) were used. Hoechst 33258
was used at a concentration of 0.5 pg/mL.

Quantification and Imaging

All confocal microscopy was performed using a Nikon
A1R-CLEM confocal laser-scanning microscope (Nikon
Imaging Center, BioQuant, Heidelberg, Germany). Appro-
priate gain and black level settings were determined on
control tissues stained with secondary antibodies alone.

The number of Bgal+ cells in the DG was determined
with a modified version of the fractionator principle
essentially as described in earlier studies (Kempermann
et al., 2003; Kronenberg et al., 2003). Briefly, Bgal+ cells
were counted in every sixth sagittal brain section
throughout the lateromedial extent of the granule cell
layer (n = 3—-4 mice per time point). The absolute num-
ber of Bgal+ cells was then estimated by multiplying the
resulting counts by six, because every sixth section had
been used. To avoid oversampling, cells that were in
focus at the uppermost focal plane, when focusing into
the section, were disregarded.

For phenotypic analyses of all antibody combinations
of interest, 50-150 cells per mouse in the dentate gyrus
(n = 3-4 mice per time point) were examined with im-
munofluorescent double and triple labeling and confocal
microscopy. The absolute number of cells of a given phe-
notype was then derived by multiplying the absolute
number of cells of the reference phenotype by the per-
centage of the phenotype of interest.

The number of Bgal+ cells per OB glomerulus was
quantified as described in detail previously (Lagace et
al., 2007). In short, 50 glomeruli per animal within three
matched serial sections were analyzed (n = 3-4 mice
per time point). The number of cells per glomerulus and
the number of Bgal+ cells per glomerulus were counted.

In the GCL of the OB, the number of Bgal+ cells was
quantified in three matched serial sections per animal
(n = 3—4 mice per time point). The GCL was subdivided
into four reference areas (apical, central, dorsolateral,
ventrolateral) of 300 um? each. The number of Bgal+,
NeulN+, and NeulN+/8gal+ cells within these reference
areas was quantified. Finally, the ratio of NeuN+/Bgal+
cells to all Bgal+ cells and to all NeuN+ cells within the
reference space was calculated.

Statistical Analyses

The data are presented as mean = SEM. Statistical
analyses were performed using a one-way ANOVA fol-
lowed by a Tukey post hoc test. All statistical analyses
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were performed using either SPSS (Chicago, IL; version
11.0.2) or Prism (version 5.0) software. P < 0.05 was
considered statistically significant and P < 0.001 was
considered highly significant.

RESULTS
The Murine GFAP Promoter Directs
Transactivator Expression to GFAP+ Astrocytes
in Regions of Adult Neurogenesis

Regulatory sequences (15 kb) of the murine GFAP
gene were reported to drive transcription to adult GFAP-
expressing neural stem cells (NSC), the predominant
NSCs isolated from postnatal and adult forebrain (Garcia
et al.,, 2004; Imura et al., 2003). In this study, a 2 kb
murine GFAP (mGFAP) promoter fragment (Johnson
et al., 1995) was used to control spatial expression of an
improved version of the tetracycline-controlled transacti-
vator protein (tTA) (Urlinger et al., 2000). In the absence
of Dox, tTA binds to and activates promoters harboring
tet-operator (tetO) sequences (Ptet) (Kistner et al., 1996).

First, we analyzed temporo-spatial regulation of func-
tional tTA expression using double-transgenic mGFAP-
tTA/Ptet-nLacZ mice (Fig. 1a) expressing Ptet-controlled,
nuclear localized, reporter protein Bgal (Schonig and
Buyjard, 2003). In mGFAP-tTA/Ptet-nLacZ mice, cells
with Bgal activity (X-Gal+) were prominent in the
dorsal aspect of the SVZ (Fig. 1c), RMS (Fig. 1b,c), and
SGZ of the DG (Fig. 1d). In the SGZ, Bgal+ cells displayed
GFAP immunoreactivity along with a radial glia-like
morphology with a single horizontal or apical process,
respectively (Fig. 1le). Whereas pBgal+/GFAP+ cells out-
side the neurogenic zones were rare and did not show
remarkable proliferative activity as assessed by co-expres-
sion with cell cycle-associated marker Ki67 (lack of Ki67
immunoreactivity in 300 randomly selected Bgal+/
GFAP+ cells from three animals), some of the Bgal+/
GFAP+ astrocytes in SGZ and SVZ/RMS consistently
showed Ki67 co-labeling (Fig. 1f,i,k,m), albeit at a very
low percentage of the total cell population. In the SGZ,
1.9% of Bgal+/GFAP+ cells showed Ki67 immunoreactiv-
ity while 2.2% in the SVZ and 3% in the RMS showed
Ki67 colabeling (of 300 Bgal+/GFAP+ cells in SGZ and
SVZ and of 500 Bgal+/GFAP+ cells in the RMS, respec-
tively; analysis of three animals). Bgal+/GFAP+/Ki67+
cells in the RMS (Fig. 1k,m) may represent resident
progenitors that have previously been shown to actively
contribute to OB neurogenesis (Alonso et al., 2008;
Mendoza-Torreblanca et al., 2008; Merkle et al., 2007).
DCX immunoreactivity was observed in a small fraction of
Bgal+ cells in the SGZ and SVZ/RMS (<1% of Bgal+ cells,
respectively; analysis of 300 cells from three different
animals per brain region) (Fig. 1g,,I,n). Furthermore,
Bgal+ cells consistently lacked NeuN immunoreactivity in
DG and OB (Fig. 1h,n).

We also studied functional mGFAP-tTA controlled
gene expression using Ptet-EGFP mice as a second
reporter line (Fig. lo). Analysis of double-transgenic
mGFAP-tTA/Ptet-EGFP mice confirmed reporter protein
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expression in GFAP+ cells of SGZ, dorsal aspect of the
SVZ and RMS (Fig. 1lp-r), thereby recapitulating the
Bgal expression pattern of mGFAP-tTA/Ptet-nLacZ mice.

Taken together, the 2 kb fragment of the murine
GFAP promoter reliably directs tTA expression to
GFAP+ cells in the SGZ, SVZ, and RMS which allows
inducible Ptet-controlled candidate gene overexpression
in these regions.
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Expression of tTA in GFAP+ Astrocytes of the SGZ
and Dorsal Wall/Dorsolateral Corner of the SVZ
Allows Fate Mapping of Adult Neurogenesis

We generated triple-transgenic mGFAP-tTA/Ptet-Cre/
R26R mice (Fig. 2a) in which mGFAP-tTA controls
inducible expression of Ptet-Cre (Schonig et al., 2002).
In the absence of Dox, Cre expression results in the
removal of a loxP-flanked stop-cassette in the Rosa26
locus (R26R), thus allowing cytosolic expression of Bgal
under the control of the ubiquitously active Rosa26
promoter (Soriano, 1999).

Dox was administered in the drinking water during
embryogenesis and postnatally until P21. Brains of mice
analyzed under Dox suppression did not show X-Gal
staining. Mice were then activated by discontinuation
of Dox at P21 and analyzed 12 weeks later. The overall
X-Gal staining pattern in mGFAP-tTA/Ptet-Cre/R26R
mice (Fig. 2b—d) was largely similar to that observed in
mGFAP-tTA/Ptet-nLacZ mice (see Fig. 1b—d). However,
mGFAP-tTA/Ptet-Cre/R26R mice showed additional X-
Gal staining in the granule cell layer (GCL) and glomer-
ular layer (GL) of the OB (Fig. 2b) and in the granule
cell layer of the DG (Fig. 2d). Phenotypic analyses of
Bgal-expressing cells in the adult neurogenic areas
revealed reporter protein expression in all key develop-
mental milestones of neurogenesis in the DG and SVZ/
RMS/OB (Kempermann et al., 2004) (Fig. 2e-r). As
expected, we found Pgal expression in GFAP+ cells
characterized by a radial glia-like morphology (Fig. 2e,j).
These Bgal+ type-1 cells co-labeled with other type-1

Fig. 1. Double-transgenic mGFAP-tTA/Ptet-nLacZ and mGFAP-tTA/
Ptet-EGFP reporter mice. (a) Illustration of transgenic mGFAP-tTA
(transactivator line) and Ptet-nLacZ (tet-response line) mouse lines. In
the transactivator line, a 2 kb murine GFAP promoter fragment
(PmGFAP) controls tTA expression. In double-transgenic mGFAP-tTA/
Ptet-nLacZ mice, tTA binds to the tet-promoter (Ptetbi) in the absence
of Dox, thereby initiating expression of the Ptet-controlled reporter
gene LacZ (Ptet-nLacZ). Ptet-controlled Bgal expression in mGFAP-tTA/
Ptet-nLacZ mice was suppressed with Dox until P21. Mice were then
activated by discontinuation of Dox and analyzed 12 weeks later. (b—d)
X-gal staining shows Bgal activity in the SVZ/RMS (b,c) and in the hip-
pocampus, including the DG (d) whereas no Bgal expression is seen in
the granular and glomerular cell layers of the OB (b). (e-n) Immuno-
histochemical analysis reveals a glial phenotype of Bgal+ cells both in
DG (e-h) as wells as in SVZ/RMS and OB (i-n). (e) Bgal+ cells in the
SGZ frequently show GFAP+ radial glia-like apical processes (arrows)
characteristic of type-1 cells (Filippov et al., 2003; Kronenberg et al.,
2003). (f) A small fraction of Bgal+/GFAP+ cells show colabeling with
interphase marker Ki67 (arrows). The low ratio of GFAP+/Ki67+/
Bgal+ to GFAP+/Bgal+ cells suggests slow proliferative activity of
these cells. (g) With few exceptions (inset), the majority of Bgal+ cells
in the SGZ lacks DCX immunoreactivity. (h) NeuN+/Bgal+ neurons
were never encountered in the DG. (i,k,m) Bgal+ cells in the SVZ (i),
RMS (k) and OB (m) show GFAP immunoreactivity. Again, these cells
show low proliferative activity as indicated by rare Ki67 coexpression
(arrows) (i,k,m). Furthermore, the majority of fgal+ cells in SVZ, RMS
and OB do not show DCX immunoreactivity (j,I,n) and Bgal+ cells con-
sistently lacked NeuN expression (n). (o) Illustration of transgenic
mGFAP-tTA and Ptet-EGFP mouse lines. Ptet-controlled EGFP expres-
sion in mGFAP-tTA/Ptet-EGFP mice was suppressed with Dox until
P21. Mice were then activated by discontinuation of Dox and analyzed
12 weeks later. (p—r) Similar to mGFAP-tTA/Ptet-nLacZ mice, reporter
protein expression (EGFP) is confined to GFAP+ cells in neurogenic
areas of the DG (p, arrows), SVZ (q, arrows) and RMS (r, arrows). Scale
bars in e-n, p—r: 50 pm.
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Fig. 2. Triple-transgenic mGFAP-tTA/Ptet-Cre/R26R mice allow
fate-mapping of adult neurogenesis. (a) Triple-transgenic mGFAP-tTA/
Ptet-Cre/R26R mice were generated by crossing mGFAP-tTA mice with
double-transgenic Ptet-Cre/R26R mice which are homozygous for both
transgenes. In the absence of Dox, tTA binding to the tet-promoter
(Ptetbi) activates Cre expression (Ptet-Cre), which in turn deletes a
loxP flanked stop cassette in the ubiquitously active Rosa26 locus
(R26R), thereby initiating constitutive Bgal expression. Induction of
Bgal expression in mGFAP-tTA/Ptet-Cre/R26R mice was suppressed
with Dox until P21. Mice were then activated by discontinuation of Dox
and analyzed 12 weeks later. (b—d) X-Gal staining reveals Bgal expres-
sion in the dorsal aspect of the lateral ventricle (¢) RMS (b,c) and DG
(d). In contrast to mGFAP-tTA/Ptet-nLacZ mice (Fig. 1b) and mGFAP-
tTA/Ptet-EGFP mice (Supp. Info. Fig. 3d), X-Gal staining can now be
recognized throughout the granular and glomerular layer of the OB (b)
and in the GCL of the DG (d). (d) Intense X-Gal staining in the DG is
localized to both the SGZ and the GCL. (e-r) Immunohistochemical
analysis of mGFAP-tTA/Ptet-Cre/R26R mice confirms targeting of
GFAP+ progenitors and subsequent fate mapping of the major develop-

cell markers like Sox2 and nestin (Fig. 2f,g,k,1). In con-
trast to double-transgenic mGFAP-tTA/Ptet-nLacZ and
mGFAP-tTA/Ptet-EGFP mice, Bgal immunoreactivity
was also detected in the progeny of GFAP+ type-1
cells, namely in DCX+ transit-amplifying cells (type-2b)
(Fig. 2h), DCX+ neuroblasts (Fig. 2h,m,0,q), and mature
NeulN+ neurons (Fig. 2i,r). Importantly, neurons outside
the neurogenic areas consistently lacked Bgal immuno-
reactivity.

Next, the kinetics of fate mapping in the DG of
mGFAP-tTA/Ptet-Cre/R26R mice were analyzed at 2,
4, and 12 weeks after Dox withdrawal using immunohis-
tochemistry (Fig. 3a-d; Supp. Info. Fig. la-i). At 2
weeks, only few Bgal+ cells were detected in the DG
(Fig. 3b; Supp. Info. Fig. 1la—c). Approximately two-thirds
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mental steps of adult neurogenesis. (e—g) Bgal expression by radial glia-
like stem cells (type-1 cells) in the SGZ. Bgal+ cells with characteristic
apical processes extending through the GCL arrows show colabeling
with GFAP (e), Sox2 (f) and nestin (g). (h) Bgal+/DCX+ cells in the
SGZ show short tangential processes resembling type-2b transit ampli-
fying cells (arrowheads) or type-3 neuroblasts (arrows) (Kempermann
et al., 2004). (i) Newly generated Bgal+/NeuN+ neurons reside in the
GCL of the DG (arrows). (j-1) Analysis of Bgal+ cells in the SVZ reveals
colabeling with GFAP (j, arrows), Sox2 (k, arrows) and nestin (I,
arrows). (m) Bgal+/DCX+ cells in the SVZ are located in the dorsal/dor-
solateral wall of the lateral ventricle (arrows). (n,0) In the RMS (rostral
part), Bgal+ cells frequently show GFAP immunoreactivity (n, arrows).
Both DCX+/Bgal+ (arrows) and DCX+/Bgal-negative (arrowheads)
neuroblasts migrate through the RMS toward the OB (o). (p-r) Bgal
staining in the OB. Again, local GFAP+ cells show co-labeling with
Bgal (p, arrows). (q) Both DCX+/Bgal+ cells (arrows) and DCX+/Bgal
negative cells (arrowheads) migrate toward their destination in the OB.
(r) Newly generated NeuN+/Bgal+ neurons (arrows) reside in the GCL
of the OB. Scale bars in e-r: 20 pm.

of these Bgal+ cells were GFAP+ (Fig. 3a; Supp. Info.
Fig. 1a) and showed type-1 cell morphology (Fig. 3c; Supp.
Info. Fig. la). Additionally, approximately one-third of
Bgal+ cells were DCX+ (Fig. 3a; Supp. Info. Fig. 1b). By
contrast, we did not detect NeuN+/Bgal+ neurons at
2 weeks after Dox withdrawal (Fig. 3a,d; Supp. Info.
Fig. 1c). After 4 weeks of activation, the number of Bgal +
cells in the DG had increased significantly (Fig. 3b; Supp.
Info. Fig. 1d—f). This increase was accompanied by a dou-
bling of Bgal+/GFAP+ type-1 cells (Fig. 3c). Also, the first
newborn Bgal+/NeulN+ neurons emerged in the GCL at
4 weeks after Dox withdrawal (Fig. 3a,d; Supp. Info.
Fig. 1f). Finally, after 12 weeks of activation, the signifi-
cant further increase in Bgal+ cells in the DG (Fig. 3b;
Supp. Info. Fig 1g-i) was mainly attributable to an accu-
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Fig. 3. Quantitative fate mapping of neurogenesis in triple-transgenic
mGFAP-tTA/Ptet-Cre/R26R  mice. Triple-transgenic mGFAP-tTA/Ptet-
Cre/R26R mice were sacrificed after 2, 4, and 12 weeks of activation,
respectively (n = 3-4 mice per time point). (a—d) Analysis of hippocampal
neurogenesis. (a) Phenotypic analysis of Bgal-expressing cells (analysis of
50-150 cells per staining per animal). (b) Total number of Bgal-expressing

mulation of newborn Bgal+/NeuN+ neurons in the GCL
of the DG (56% of all Bgal+ cells) (Fig. 3a,d; Supp. Info.
Fig. 1i). By contrast, the number of Bgal+/GFAP-+/type-1
cells did not show a further increase between 4 and
12 weeks of activation (Fig. 3c; Supp. Info. Fig. 1g).

Then we analyzed the kinetics of reporter protein acti-
vation in the SVZ/RMS/OB of mGFAP-tTA/Ptet-Cre/R26R
mice (Fig. 3e—f; Supp. Info. Fig. 2a—i). After 2 weeks of
activation, only few Bgal+ cells in the dorsal aspect of
the SVZ could be identified (Supp. Info. Fig. 2a,b). Most
of these cells in the SVZ were Bgal+/GFAP+ (Supp. Info.
Fig. 2a) while NeuN+/Bgal+ neurons in the OB could
not be detected at this early time point after induction
of Ptet-controlled gene expression (Fig. 3e,f; Supp. Info.
Fig. 2g). After 4 weeks, and even more so after 12 weeks,
both the number of Bgal+/GFAP+ cells and the number
of Bgal+/DCX+ cells had increased in the dorsal SVZ
(Supp. Info. Fig. 2cf). After 4 weeks of activation, the
first newborn mature PBgal+/NeuN+ neurons were
detected in the GCL and GL of the OB (Fig. 3e,f; Supp.
Info. Fig. 2h). The number of Bgal+/NeuN+ neurons
showed a further increase after 12 weeks of activation
(Fig. 3e,f; Supp. Info. Fig. 2i; Fig. 4a,b).
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cells in DG. (¢) Total number of Bgal+/GFAP+ type-1 cells in the SGZ. (d)
Total number of Bgal+/NeuN+ neurons in GCL of DG. (e,f) Analysis of
neurogenesis in the olfactory bulb. (e) GCL of OB. (f) GL of OB. For
details regarding quantification, please refer to Materials and Methods.
TP < 0.001, 2 weeks versus 4 weeks; P < 0.001, 4 weeks versus
12 weeks; ***P < 0.001, 2 weeks versus 12 weeks.

Specifically, after 12 weeks of activation, 4.9% of
NeuN+ neurons located in the GCL showed Bgal immuno-
reactivity. Bgal+ cells in the GCL were consistently
GADG67 immunoreactive (analysis of 300 cells from three
different animals) confirming GABAergic neuronal differ-
entiation (Kohwi et al., 2007) (Fig. 4c). Eighty-one percent
of Bgal+ cells in the GCL expressed mature neuronal
marker NeulN which is in line with ongoing differentiation
of Bgal+ cells and their progeny into mature postmitotic
neurons (analysis of 300 Bgal+ cells from 3 different
animals). In the glomerular layer (GL), 2.6% of all GL
neurons showed Bgal immunoreactivity. 76% of these
Bgal+/NeuN+ cells co-labeled with GABAergic marker
GADG67 (Fig. 4d). Furthermore, 33% of Bgal+ cells in the
GL showed Calretinin immunoreactivity (Fig. 4e), while
10% showed tyrosine hydroxylase (TH) co-labeling
(Fig. 4f). Consistent with the adult origin of Calbindin+
neurons from the lateral wall of the SVZ (Merkle et al.,
2007), Calbindin+ neurons consistently lacked Bgal
immunoreactivity in our mGFAP-tTA/Ptet-Cre/R26R mice
(analysis of 100 glomeruli from three different animals)
(Fig. 4b,e). Similarly, Parvalbumin+ neurons in the exter-
nal plexiform layer (EPL) lacked Bgal (analysis of 100
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Fig. 4. Contribution of GFAP+/Bgal+ progenitor cells to adult neu-
rogenesis in the OB of mGFAP-tTA/Ptet-Cre/R26R mice. Bgal expres-
sion was suppressed with Dox until P21. Mice were then activated by
discontinuation of Dox and analyzed 12 weeks later. (a) Bgal-expressing
cells are widespread throughout all regions of the OB (arrows), includ-
ing the glomerular layer (GL), external plexiform layer (EPL), mitral
cell layer (MCL), and granule cell layer (GCL). (b) Bgal+ cells in GL,
MCL and GCL show Calretinin immunoreactivity (CalR; arrows), but
lack Calbindin expression (CalB). (e,d) Bgal+ neurons express GABAer-
gic neuronal marker GAD67 in GCL (c, arrows) and GL (d, arrows). In
the GL, Bgal+ cells colabel with Calretinin (e, arrows) and tyrosine
hydroxylase (TH) (f, arrows), but consistently lack Calbindin immuno-
reactivity (b,e). Scale bars in a,b: 100 pm, in c¢,d: 50 um, in e,f: 20 pm.

Parvalbumin+ neurons from three different animals),
which is in accordance with their generation during devel-
opment (Young et al., 2007). Thus, Bgal+/GFAP+ progeni-
tor cells in the SVZ of mGFAP-tTA/Ptet-Cre/R26R mice
give rise to GABAergic interneurons in the OB, including
Calretinin+ and TH+ periglomerular neurons.

Bgal+ cells in the SVZ of mGFAP-tTA/Ptet-Cre/R26R
fate-mapping mice were primarily located in the dorsal
wall/dorsolateral corner of the lateral ventricle whereas
the lateral wall was hardly targeted (Fig. 5c¢,d). Simi-
larly, Bgal+ cells of mGFAP-tTA/Ptet-nLacZ mice and
GFP+ cells of mGFAP-tTA/Ptet-EGFP mice were
predominantly found in the dorsal aspect of the SVZ
(Fig. 5a,b). In mGFAP-tTA/Ptet-Cre/R26R mice, at
12 weeks after Dox withdrawal, 75% of all GFAP+ cells
in the dorsal wall/dorsolateral corner of the SVZ were
Bgal+ whereas only 19% of GFAP+ cells in the lateral

621

P2 g g 8P

% Rgal+/DCX+ cells

——

lateral wall

-]

dorsal wall
dorsolateral comer

mGFAP-tTA/Ptet-Cre/R26R

Fig. 5. Ptet-controlled gene expression is restricted to the dorsal
wall/dorsolateral corner of the lateral ventricle in mGFAP-tTA mice.
(a—d) Double- and triple-transgenic mice in which Ptet-controlled gene
expression is spatially controlled by mGFAP-tTA were suppressed with
Dox until P21. Mice were then activated by discontinuation of Dox and
analyzed 12 weeks later. (a) In mGFAP-tTA/Ptet-nLacZ mice, Bgal+/
GFAP+ cells were primarily found in the dorsal wall/dorsolateral cor-
ner of the SVZ. (b) In mGFAP-tTA/Ptet-EGFP mice, GFP+/GFAP+ cells
were similarly distributed. (c—e) Analysis of mGFAP-tTA/Ptet-Cre/R26R
fate-mapping mice revealed that DCX+ cells coming from the dorsal
wall/dorsolateral corner (c) of the SVZ typically show Bgal expression
(arrows) whereas the majority of DCX+ neuroblasts in the lateral wall
(d) lack Bgal immunoreactivity. ***P < 0.001. Scale bars in a—d: 50 pm.

wall were Bgal+ (analysis of at least 300 GFAP+ cells
each from 3 different animals). When Bgal expression
in DCX+ cells of the SVZ was analyzed in a region-
specific manner, we found that 76% of all DCX+ imma-
ture neurons originating from the dorsal wall/dorsolat-
eral corner of the lateral ventricle were Bgal+ (analysis
of 300 DCX+ cells each from three different animals)
(Fig. 5c,e). By contrast, only 8% of DCX+ cells coming
from the lateral ventricle wall were Bgal+ (analysis
of 300 DCX+ cells each from three different animals)
(Fig. 5d,e). The restricted localization of GFAP+/Bgal+
cells to the dorsal/dorsolateral SVZ with high numbers
of DCX+/Bgal negative cells leaving the lateral wall of
the SVZ explains the high proportion of DCX+ cells
lacking Bgal (60%) in the RMS and OB (analysis of
300 DCX+ cells each from three different animals)
(Fig. 20,q).
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Fig. 6. Disruption of adult neurogenesis in the DG by targeted DTA
expression in GFAP+ progenitor cells. (a) In double-transgenic mGFAP-
tTA/Ptet-DTA mice, tTA binds to the tet-promoter (Ptet) in the absence
of Dox, thereby initiating diphteria toxin A (DTA) gene expression. (b—e)
Conditional DTA expression in GFAP+ cells of the DG leads to ablation
of hippocampal neurogenesis. (b,c) In the presence of Dox which sup-
presses DTA expression (+Dox), mGFAP-tTA/Ptet-DTA mice show many
GFAP+/Sox2+ cells in the SGZ (b, arrows) and abundant DCX immuno-
reactivity (c) in the DG. (d,e) By contrast, 12 weeks after DTA activation
beginning at P21 (+/-Dox), the SGZ is devoid of GFAP+/Sox2+ cells (d)
and DCX+ neuroblasts have disappeared from the DG (e). (f) mGFAP-
tTA/Ptet-DTA mice were further crossed to double transgenic mice
homozygous for both Ptet-Cre and R26R (Ptet-Cre/R26R) to generate
quadruple-transgenic mGFAP-tTA/Ptet-DTA/Ptet-Cre/R26R mice. In the
absence of Dox, mGFAP-promoter (PmGFAP) driven tTA expression
(mGFAP-tTA transgene) leads to simultaneous tet-promoter (Ptetbi and
Ptet) controlled gene expression of Cre recombinase (Ptet-Cre) and DTA
(Ptet-DTA). Through recombination, Cre then initiates constitutive Bgal
expression (R26R) which is independent of continuous mGFAP-promoter
activity, thus allowing fate mapping. (g,h) Fate mapping of DTA expres-
sion in GFAP+ progenitor cells confirms disruption of adult neurogene-
sis in the DG of mGFAP-tTA/Ptet-DTA/Ptet-Cre/R26R mice. At P21,
mGFAP-tTA/Ptet-Cre/R26R control mice (g) and mGFAP-tTA/Ptet-DTA/
Ptet-Cre/R26R mice (h) were activated by Dox withdrawal for 12 weeks.
(g) In the DG of mGFAP-tTA/Ptet-Cre/R26R control mice, regular adult
neurogenesis can be appreciated with a large number of Bgal+ cells in
the SGZ, DCX+ neuroblasts (arrowheads) and newborn Bgal+/NeuN+
neurons in the GCL (arrows). (h) By contrast, mGFAP-tTA/Ptet-DTA/
Ptet-Cre/R26R mice show only sparse Bgal staining in the SGZ, a loss of
most DCX+/Bgal+ neuroblasts and only solitary newborn Bgal+/NeuN+
neurons (arrow). Scale bars in b—e, g—h: 50 pm.

mGFAP-tTA Mice Predominantly Target GFAP+
Progenitor Cells in the Neurogenic Zones of the
Adult Mouse Brain

Ptet-controlled reporter protein (Bgal and EGFP)
expression was analyzed through the rostrocaudal extent
of the brain outside the neurogenic niches using both
mGFAP-tTA/Ptet-nLacZ and mGFAP-tTA/Ptet-EGFP
mice. Animals were suppressed with Dox until P21 and
then activated without Dox for 12 weeks (+/— Dox).
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Outside the adult neurogenic zones, reporter protein
expression in both lines was confined to GFAP+ astro-
cytes with most brain regions virtually devoid of trans-
gene expression (Supp. Info. Fig. 3). Ptet-controlled
expression of Bgal and EGFP was identified in the fim-
bria of hippocampus (fi), the entire hippocampus (HC)
(specifically the polymorphic layer and along the hippo-
campal fissure), the corpus callosum (cc) and the white
matter of the cerebellum (CB) (Supp. Info. Fig. 3a—d)
whereas Bergmann glia in the cerebellum was not
targeted (Supp. Info. Fig. 3b,d). However, even in these
brain regions, only a subset of GFAP+ astrocytes showed
reporter protein expression (Supp. Info. Fig. 3e,f).

Furthermore, permanent Bgal labeling in mGFAP-
tTA/Ptet-Cre/R26R fate-mapping mice after 12 weeks of
Dox withdrawal yielded Bgal immunoreactivity in the
same brain areas as in the double-transgenic reporter
mice (Supp. Info. Fig. 3g). Specifically, X-Gal staining of
GFAP+ astrocytes in non-neurogenic brain regions was
similar to the staining pattern observed in Ptet-con-
trolled reporter mice. Note that Bergmann glia was also
not targeted in mGFAP-tTA/Ptet-Cre/R26R mice if the
animals had been suppressed with Dox until P21 (Supp.
Info. Fig. 3g,h). However, we found intense X-Gal stain-
ing of Bergmann glia when Ptet-controlled gene expres-
sion had been permanently activated without Dox
(Supp. Info. Fig. 3i).

In conclusion, only a subset of GFAP+ astrocytes in
distinct brain regions is targeted in mGFAP-tTA mice
making this line relatively selective for GFAP+ progeni-
tor cells in the SGZ and dorsal SVZ while sparing the
majority of astrocytes in the rest of the brain.

Expression of Diphtheria Toxin A (DTA) in GFAP+
Astrocytes of the SGZ Disrupts Hippocampal
Neurogenesis

Next, we generated double-transgenic GFAP-tTA/Ptet-
DTA mice (Fig. 6a). DTA expression leads to cell
death through inhibition of RNA translation (Yamaizumi
et al., 1978). Unlike thymidine kinase’s mode of action,
which requires ganciclovir to kill dividing cells (Delaney
et al., 1996; Garcia et al., 2004), cytotoxicity of DTA is
independent of the cell cycle. Hence, this genetic system
is particularly well suited to ablate the radial glia-like
GFAP+ cells in the SGZ which have been previously
reported to divide only rarely (Kronenberg et al., 2003).
Again, Dox was administered until P21 in mGFAP-tTA/
Ptet-DTA mice. DTA expression was then activated
for 12 weeks in the absence of Dox when mice were
sacrificed for histological analysis.

Twelve weeks after Dox withdrawal (+/- Dox mice),
the density of GFAP+ cells in the hippocampus of acti-
vated mGFAP-tTA/Ptet-DTA mice was moderately
reduced (Supp. Info. Fig. 4b) and changes in astrocyte
morphology such as enlarged cell bodies and swollen
processes were apparent (Supp. Info. Fig. 4b; Fig. 6d).
The reduction in astrocyte numbers was most prominent
in the polymorphic layer of the DG (Supp. Info. Fig. 4b;
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Fig. 6d). Importantly, the SGZ was virtually devoid of
radial glia-like GFAP+/Sox2+ cells (reduction by 95%)
(Fig. 6d). Correspondingly, the number of DCX+ neuro-
blasts (Fig. 6e) in the DG was also reduced by more
than 90% demonstrating efficient ablation of hippocam-
pal neurogenesis by eliminating GFAP+ type-1 cells in
the SGZ (comparisons of three age-matched, chronically
Dox-suppressed double-transgenic mGFAP-tTA/Ptet-DTA
mice with three mGFAP-tTA/Ptet-DTA mice activated
for 12 weeks after discontinuation of Dox at P21).

In summary, targeting efficacy for GFAP+ type-1
cells in mGFAP-tTA/Ptet-DTA mice was close to 100%
resulting in near-complete ablation of adult hippocampal
neurogenesis.

Inducible DTA Overexpression in GFAP+
Progenitor Cells and Simultaneous Fate Mapping
of Their Progeny in the DG of mGFAP-tTA/
Ptet-DTA/Ptet-Cre/R26R Mice

Finally, we combined DTA expression in GFAP+ pro-
genitor cells with visualization of their progeny using
quadruple-transgenic mGFAP-tTA/Ptet-DTA/Ptet-Cre/
R26R mice (Fig. 6f). For this purpose, mGFAP-tTA/Ptet-
DTA mice were crossed with double-homozygous Ptet-Cre/
R26R mice. Ptet-controlled gene expression was again
suppressed with Dox until P21 followed by 12 weeks of
activation in the absence of Dox. At this time, the number
of Bgal+ cells in the SGZ was greatly reduced. Bgal+/
DCX+ neuroblasts and Bgal+/NeuN+ neurons could
hardly be detected in the GCL of the DG compared with
triple-transgenic mGFAP-tTA/Ptet-Cre/R26R control mice
(Fig. 6g,h). Hence, combining Ptet-controlled gene overex-
pression in GFAP+ progenitor cells (mGFAP-tTA/Ptet-
DTA) with fate-mapping (Ptet-Cre/R26R) not only allows
cell-type specific, conditional overexpression of target
genes but also subsequent Pgal-tracing of the entire
process of adult neurogenesis.

In contrast to the situation in the DG, analysis of the
dorsal and lateral wall of the SVZ of activated mGFAP-
tTA/Ptet-DTA mice did not show a reduction in the number
of GFAP+ cells (n = 3; comparison to three age-matched,
chronically Dox-suppressed double-transgenic mGFAP-tTA
/Ptet-DTA mice) (Supp. Info. Fig. 4d). In mGFAP-tTA/Ptet-
DTA/Ptet-Cre/R26R mice, we observed continuous Bgal-
labeling in GFAP+ progenitors (Supp. Info. Fig. 4f)
and their DCX+ progeny in the dorsal wall of the lateral
ventricle (Supp. Info. Fig. 4h) which confirms that Ptet-
controlled DTA expression does not occur in GFAP+
progenitor cells of the SVZ. This result is somewhat in con-
trast to the findings described above regarding reliable and
efficient Ptet-controlled targeting of candidate genes (Ptet-
nlacZ, Ptet-EGFP, Ptet-Cre) to the dorsal wall/dorsolateral
corner of the SVZ with mGFAP-tTA mice (Fig. 5a—c).

DISCUSSION

In this study, we describe an mGFAP-tTA mouse line
which allows efficient, Ptet-controlled gene expression in
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virtually all astroglia-like stem cells located in the adult
SGZ. In the SVZ, the mGFAP-tTA line region specifically
targets inducible gene expression to GFAP+ progenitors
of the dorsal wall/dorsolateral corner of the lateral ven-
tricle while sparing its lateral wall. Outside the adult
neurogenic zones, only a fraction of GFAP+ astrocytes
in restricted brain areas is targeted making this line
relatively selective for GFAP+ progenitor cells in the
neurogenic zones of the adult brain. Finally, we describe
a conditional gene expression system which allows in-
ducible candidate gene expression in GFAP+ progenitor
cells and, at the same time, lineage tracing of all cells
descendent from the GFAP+ cell in which transgene
expression had occurred. The dual system introduced
here may serve as a versatile tool to study both early
and late developmental effects of gene overexpression
in adult neural progenitor cells of the SGZ and of the
dorsal/dorsolateral wall of the SVZ.

The Murine GFAP Promoter Targets Inducible
Ptet-Controlled Gene Expression to GFAP+
Progenitor Cells in the DG and in the Dorsal Wall/
Dorsolateral Corner of the SVZ

GFAP+ cells are the principal source of adult fore-
brain neurogenesis (Garcia et al., 2004; Merkle et al.,
2004; Seri et al., 2001). The full-length murine GFAP
promoter (15 kb) has been utilized previously to direct
Cre or thymidine-kinase (tk) expression to GFAP+ pro-
genitors (Garcia et al., 2004; Gregorian et al., 2009).
Here, we show that a 2 kb fragment of the murine
GFAP promoter (Johnson et al.,, 1995) directs tTA
expression (mGFAP-tTA), and consequently Ptet-con-
trolled gene expression, to radial glia-like GFAP+ cells
in mGFAP-tTA/Ptet-nLacZ and mGFAP-tTA/Ptet-EGFP
mice. Taking advantage of triple-transgenic GFAP-tTA/
Ptet-Cre/R26R mice which harbor the identical mGFAP-
tTA transgene, but allow fate mapping using Bgal as a
reporter protein, we demonstrate that the entire process
of adult hippocampal neurogenesis, including intermedi-
ate developmental stages, originates from these GFAP+/
Bgal+ cells in the SGZ. Ablation of GFAP+ progenitor
cells in transgenic mGFAP-tTA/Ptet-DTA mice, which
inducibly express DTA in GFAP+ cells, therefore,
results in the complete disruption of adult neurogenesis
in the dentate gyrus.

mGFAP-tTA mice also target GFAP+ astrocytes in the
SVZ, which give rise to new neurons in the OB (Doetsch
et al.,, 1999; Garcia et al.,, 2004). To our surprise,
GFAP+/reporter protein+ astrocytes in mGFAP-tTA/
Ptet-nLacZ and mGFAP-tTA/Ptet-EGFP mice were pri-
marily located in the dorsal wall/dorsolateral corner of
the lateral ventricles. Similarly, in mGFAP/Ptet-Cre/
R26R mice used for lineage tracing, GFAP+/Bgal+ cells
were most prominent in the dorsal wall/dorsolateral
corner of the lateral ventricles and largely absent from the
lateral wall. In line with this observation, DCX+ neuro-
blasts migrating from the lateral ventricle wall were
mostly PBgal-negative, whereas chains of Bgal+/DCX+
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neuroblasts left the dorsal wall/dorsolateral corner of the
SVZ and entered the RMS side by side with Bgal-negative
neuroblasts. Interestingly, the differential distribution of
Bgal+/DCX+ neuroblasts versus Pgal-negative/DCX+
neuroblasts recapitulates the heterogeneous origin of the
SVZ from embryonic cerebral cortex and lateral ganglionic
eminence, respectively (Young et al., 2007).

While Calbindin+ neurons in the OB of mGFAP/Ptet-
Cre/R26R mice consistently lacked Bgal immunoreactiv-
ity, two other major classes of GABAergic interneurons
(Kohwi et al., 2007; Panzanelli et al., 2007) showed Bgal
expression, namely Calretinin+ and TH+ neurons. Cells
derived from the embryonic cortex have been shown to
settle in the dorsal aspects of the SVZ as well as in the
RMS and to contribute new Calretinin+ and TH+ inter-
neurons to the adult OB (Merkle et al., 2007; Young
et al., 2007). Furthermore, studies using adenoviral or
transgenic stem cell labeling in the SVZ found that
adult Calbindin+ neurons are derived from the lateral
wall of the SVZ (Merkle et al., 2007; Young et al., 2007).
Taken together, the selective targeting of GFAP+ cells
in the dorsal/dorsolateral wall of the SVZ and in the
RMS of our mGFAP-tTA mice leads to the generation of
Calretinin+/Bgal+, TH+/Bgal+, but not of Calbindin+/
Bgal+ interneurons in the GL, which strongly suggests
that these transgenic mice target and fate map a
restricted population of GFAP+ progenitor cell derived
from the embryonic cortex. It should be noted, however,
that reporter-labeled Calbindin+ interneurons were also
not detected in GLAST-CreERT2/R26R fate-mapping
mice, although these mice target both the dorsal and
lateral walls of the SVZ (Ninkovic et al., 2007).

Reporter protein expression outside the established neu-
rogenic regions (SGZ and SVZ) was restricted to GFAP+
astrocytes. Ptet-controlled expression of the reporter was
primarily noted in the vicinity of the lateral ventricles
including the entire roof and posterior wall of the lateral
ventricle, but sparing its lateral wall. Reporter protein
expression also followed remnant embryonic ventricular
structures such as the subcallosal zone and the hippocam-
pal and rhinal fissures. Intriguingly, neural stem cells
residing in the subcallosal zone and in the posterior
wall of the lateral ventricle have recently been described
(Seaberg and van der Kooy, 2002; Seri et al., 2006).

Other brain regions which contain targeted astrocytes
include the white cerebellar matter, corpus callosum,
and fimbria hippocampi. The relative selectivity of the
mGFAP-tTA line for GFAP+ progenitor cells in the adult
neurogenic zones will be advantageous for studies which
aim to target candidate gene overexpression to either
GFAP+ progenitors of the SGZ or of the dorsal wall/dor-
solateral corner of the lateral ventricles.

Taken together, despite being exclusively glia-specific,
our mGFAP-tTA mouse line does not show the expected
uniform targeting of all GFAP+ cells, but displays
expression only in a subset of GFAP+ astrocytes, includ-
ing all GFAP+ progenitor cells of the SGZ and a subset
of GFAP+ progenitor cells residing in the dorsal wall/
dorsolateral corner of the SVZ. This apparent restriction
to a subset of GFAP+ astrocytes may either be caused
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by an integration effect of the plasmid-derived transgene
(Bronson et al., 1996; Chandler et al., 2007; Wallace
et al., 2000) or, alternatively, by the short regulatory
sequences in the 2 kb murine GFAP promoter fragment
driving tTA expression in our system.

Reliable Ptet-Controlled Target Gene Expression
in GFAP+ Progenitor Cells

In the tet-system, inducible overexpression of target
genes depends on the expression level of the transactiva-
tor tTA as well as on the accessibility of Ptet-response
constructs at their genomic integration site (Schonig
and Bujard, 2003). Activation and suppression of
Ptet-controlled gene expression is regulated by Dox
treatment which further complicates matters as Ptet-
controlled gene expression has to be silent in the pres-
ence of Dox but activatable after Dox withdrawal.

Using four tet-regulated transgenes (Ptet-nLacZ, Ptet-
EGFP, Ptet-Cre/R26R, Ptet-DTA), we here demonstrate
the suitability of mGFAP-tTA mice to reliably and indu-
cibly direct Ptet-controlled gene expression to GFAP+
progenitor cells of the DG and dorsal wall/dorsolateral
corner of the lateral ventricles.

In the DG, regardless of the Ptet transgene, all double
transgenic tTAxPtet mice displayed strong Ptet-con-
trolled transgene expression in the absence of Dox. In
fact, even in quadruple-transgenic mGFAP-tTA/Ptet-
DTA/Ptet-Cre/R26R mice, Ptet-controlled gene expres-
sion was faithfully reproduced from two independent
tet-promoters (Ptet-Cre and Ptet-DTA). Thus, strong
cell-type specific tTA expression renders it possible to
combine inducible gene expression with lineage tracing.

In the SVZ, the complexity of the conditional tet-system
becomes evident. While Ptet-controlled gene expression of
three different transgenes (Ptet-nLacZ, Ptet-EGFP, Ptet-
Cre/R26R) was observed in the dorsal wall/dorsolateral
corner of the lateral ventricles, we did not detect Ptet-
controlled DTA expression in this region. Hence, despite
adequate GFAP-promoter driven tTA expression in the
dorsal wall/dorsolateral corner, Ptet-controlled DTA
expression could not be achieved. Ptet-DTA transgenic
mice, like all investigated Ptet-response lines, were gener-
ated via pronuclear injection of plasmid-derived DNA,
which results in random integration of the transgene into
the genome. The integration site may exert a profound
effect on expression of the transgene (Chandler et al.,
2007; Wallace et al., 2000; Weber et al., 2009), in parti-
cular when short DNA sequences (plasmid-derived)
(Chandler et al., 2007) and inducible systems (tet-system)
are used (Schonig and Bujard, 2003). Taken together, the
restricted pattern of DTA expression argues for a posi-
tional integration effect of the Ptet-DTA transgene.

Simultaneous Target Gene Expression in GFAP+
Progenitor Cells and Fate Mapping of Their Progeny

To date, candidate genes influencing adult neurogene-
sis have been investigated primarily by inducible knock-
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out models using the CreERT/loxP system. For this pur-
pose, different promoters such as GLAST, hGFAP, Fgfr3,
or nestin, have been utilized to control CreERT-expres-
sion (Balordi and Fishell, 2007; Breunig et al., 2007;
Colak et al., 2008; Kuo et al., 2006; Young et al., 2010).
Only recently, inducible gene deletion has been com-
bined with an EGFP reporter for additional lineage trac-
ing (Gao et al., 2009; Lagace et al., 2008). Conversely,
only few studies have investigated the effects of induci-
ble target gene overexpression on adult neurogenesis
(Dupret et al., 2008; Farioli-Vecchioli et al., 2008). These
studies used nestin-rtTA mice (Mitsuhashi et al., 2001)
which allow overexpression of Ptet-controlled candidate
genes in progenitor cells of the adult DG but not in the
SVZ (Dupret et al., 2008). As compared with the GFAP
promoter, the nestin promoter has the advantage of
being spatially restricted to areas of constitutive neuro-
genesis in the adult murine brain. However, in the DG,
the nestin promoter is active in phenotypically diverse
progenitor cell populations (Fukuda et al., 2003). There-
fore, the exact population of progenitor cells targeted as
well as targeting efficiency remains to be further exam-
ined in nestin-rtTA mice (Dupret et al., 2008; Farioli-
Vecchioli et al., 2008). From the available data, it can be
inferred that the nestin-rtTA line targets a fraction of
both astrocyte-like stem cells (type-1 cells) as well as
transient intermediate progenitors (type-2 cells) in the
DG of adult mice (Dupret et al., 2008). By contrast, the
mGFAP-tTA line described here selectively targets virtu-
ally all type-1 cells in the DG and a subset of type-1
cells in the dorsal wall/dorsolateral corner of the SVZ.
Furthermore, the above mentioned studies had to rely
on BrdU-labeling protocols to assess the acute and long-
term effects of genetic manipulation in nestin+ cells
(Dupret et al., 2008; Farioli-Vecchioli et al., 2008)
whereas our system allows target gene expression in
GFAP+ type-1 cells in conjunction with PBgal-assisted
fate mapping. The high targeting efficiency of GFAP+
type-1 cells in the DG as verified in double-transgenic
mGFAP-tTA/Ptet-DTA mice distinguishes the mGFAP-
tTA line from other inducible transgenic mouse lines
targeting adult neurogenesis (Beech et al., 2004; Breu-
nig et al., 2007; Casper et al., 2007; Lagace et al., 2007;
Mitsuhashi et al., 2001; Yu et al., 2005).

To our knowledge, this is the first report to introduce
a multimodal system which permits inducible expression
of a candidate gene in GFAP+ neural progenitors along
with lineage tracing with a reporter protein. Triple-
transgenic = mGFAP-tTA/Ptet-Cre/R26R  fate-mapping
mice may be particularly useful to study the effects
of environmental or pharmacological interventions on
GFAP+ type-1 cells and their progeny. Quadruple-trans-
genic mice will enable researchers to precisely delineate
the effects of candidate gene expression in GFAP+ type-
1 cells on the entire process of adult neurogenesis. Nota-
bly, the breeding of quadruple-transgenic offspring from
homozygous Ptet-Cre/R26R mice at the level of double-
transgenic crossings makes this system practical and
permits the generation of a sufficient number of quad-
ruple-transgenic offspring. The examples given here
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highlight the great potential of our mGFAP-tTA mouse
line for both fate mapping as well as functional manipu-
lation of neurogenesis.
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