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The mechanisms that regulate neural progenitor cell differentiation are primarily unknown. The transcription factor activating tran-
scription factor 5 (ATF5) is expressed in neural progenitors of developing brain but is absent from mature astrocytes and neurons. Here,
we demonstrate that ATF5 regulates the conversion of ventricular zone (VZ) and subventricular zone (SVZ) neural progenitors into
astrocytes. Constitutive ATF5 expression maintains neural progenitor cell proliferation and blocks their in vitro and in vivo differentia-
tion into astrocytes. Conversely, loss of ATF5 function promotes cell-cycle exit and allows astrocytic differentiation in vitro and in vivo.
CNTF, a promoter of astrocytic differentiation, downregulates endogenous ATF5, whereas constitutively expressed ATF5 suppresses
CNTF-promoted astrocyte genesis. Unexpectedly, constitutive ATF5 expression in neonatal SVZ cells both in vitro and in vivo causes
them to acquire properties and anatomic distributions of VZ cells. These findings identify ATF5 as a key regulator of astrocyte formation
and potentially of the VZ to SVZ transition.
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Introduction
The transition of neural progenitor cells into neurons and glia is
regulated in part by extrinsic signals that in turn act via target
genes to either promote or repress differentiation programs
(Gage, 2000; Kintner, 2002; Schuurmans and Guillemot, 2002;
Arlotta et al., 2003). Here, we explore the role of one such key
gene, activating transcription factor 5 (ATF5), in regulating dif-
ferentiation of prenatal and postnatal neural progenitors into
astrocytes.

ATF5 is a member of the activating transcription factor/cAMP
response element-binding protein family. By means of a serial
analysis of gene expression profiling study, we established that
ATF5 transcripts are expressed highly in PC12 pheochromocy-
toma cells and are downregulated when such cells undergo NGF-
promoted neuronal differentiation (Angelastro et al., 2000).
NGF-stimulated downregulation also occurs at the protein level
and with a time course inverse to that of neurite outgrowth (An-
gelastro et al., 2003). Moreover, constitutive expression of ATF5

in PC12 cells blocks their differentiative response to NGF,
whereas an ATF5 dominant-negative form accelerates NGF-
stimulated neuronal differentiation.

ATF5 is expressed highly in the prenatal rodent brain ventric-
ular zone (VZ) and is lost from VZ cells when they differentiate
into postmitotic neurons (Angelastro et al., 2003). Constitutive
expression of ATF5 blocks neuronal differentiation of cultured
embryonic neural progenitor cells and maintains them in a pro-
liferating state. Constitutively expressed ATF5 also blocks neuro-
trophin 3 (NT3)-promoted neuronal differentiation of cultured
neural progenitors, whereas NT3 treatment of such cells both
promotes their differentiation and downregulates endogenous
ATF5 expression. Finally, loss of ATF5 function or expression
leads to neuronal differentiation of cultured neural progenitors.
These findings support a model in which ATF5 blocks neuronal
differentiation of progenitor cells and maintains them in a pro-
liferating, undifferentiated state. Neuronal differentiation thus
requires downregulation of ATF5 by extrinsic factors such as
NGF and NT3.

We also noted that ATF5 is expressed highly in clonal neuro-
sphere cultures (Angelastro et al., 2003). Because such cells have
the potential to differentiate into glia as well as neurons (Kukekov
et al., 1999; Laywell et al., 1999), and because the embryonic VZ
generates astrocytes in addition to neurons (Mehler, 2002; Noc-
tor et al., 2002; Jacobsen and Miller, 2003), we considered the
possibility that ATF5 also regulates gliogenesis. Therefore, we
sought to address several key questions regarding the potential
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role of ATF5 in astrocyte development. First, does ATF5 influ-
ence the conversion of VZ neuroprogenitors into astrocytes as it
does in the case of neurons? Does ATF5 loss of function only
permit a neuronal fate, or does it also permit astrocytic differen-
tiation? Second, because astrocytes primarily are generated post-
natally from subventricular zone (SVZ) cells, do the latter express
ATF5, and does ATF5 play a role in their differentiation? Third,
do the effects of ATF5 constitutive expression and loss of function
that are observed in vitro also pertain in vivo? Finally, what would
be the in vivo consequences of manipulating ATF5 expression or
activity on behavior of the affected cells? Would progenitor cells
undergoing premature loss of ATF5 function show normal inte-
gration into the developing brain? Would sustained constitutive
ATF5 expression alter the fate or properties of progenitor cells?

Materials and Methods
Reagents. Cell-culture medium DMEM, molecular biology reagents, and
Lipofectamine 2000 were from Invitrogen (San Diego, CA). Fetal bovine
serum was from JRH Biosciences (Lenexa, KS). 5�-Bromo-2�-
deoxyuridine (BrdU), FGF2, epidermal growth factor (EGF), CNTF, and
anti-green fluorescent protein (GFP) IgG1 were from Sigma (St. Louis,
MO). Biotinylated goat anti-mouse IgG1 and anti-mouse IgG2a antibod-
ies were from Southern Biotech (Birmingham, AL). Goat anti-mouse
Alexa 488 and Alexa 568, goat anti-mouse IgG2a Alexa 488, goat anti-
mouse IgG1 Alexa 568, goat anti-rabbit Alexa 488 and 568, and mouse
IgG2a anti-GFP antibody were from Molecular Probes (Eugene, OR).
Rabbit anti-GFP antibody was from BD Biosciences (Franklin Lake, NJ).
Rat-401 IgG1 anti-nestin antibody was from the Developmental Studies
Hybridoma Bank (University of Iowa, Iowa City, IA) antibody collec-
tion. Mouse IgG2a anti-tubulin � (III) (TUJ1) was from Covance
(Princeton, NJ). Rabbit anti-GFAP was from Dako (High Wycombe,
UK), and mouse IgG1 anti-GFAP antibody was from Chemicon (Te-
mecula, CA). Mouse anti-polysialic acid–neural cell adhesion molecule
(PSA-NCAM) antibody was a kind gift from Dr. Jane Dodd (Columbia
University). Mouse anti-�-catenin was from Signal Transduction (New-
ington, NH), and rabbit anti-Ki67 was from Novacastra (Burlingame,
CA). Normal 10% goat serum was from Zymed (San Francisco, CA).

Cell culture. Dissociated cultures of telencephalic cells were prepared
from embryonic day 15 (E15) Sprague Dawley rats as described previ-
ously (Angelastro et al., 2003). Briefly, dissociated cultures of telence-
phalic cells were prepared from E15 Sprague Dawley rats. The outer
epidermal layer was peeled from the head of the embryo. The telenceph-
alon was then excised, and telencephalic tissue from two litters was
placed in trypsin (0.05% in 0.53 mM EDTA; Invitrogen) for 30 min (Li et
al., 1998). The dissociated cells were centrifuged and resuspended in
DMEM containing 5% FBS with or without 10 ng/ml EGF and 20 ng/ml
basic fibroblast growth factor and were plated on 24-well dishes coated
with poly-L-lysine at 3–5 � 10 5 cells per well (Laywell et al., 1999).
Retrovirus (�1 � 10 6 virus particles per ml) was added at 5 �l per well to
infect the telencephalic cells 1 d after plating. The cultures were refed
every 3 d. The cells were fixed and examined 11 d later.

Adherent clonal neurosphere cultures were prepared from newborn
mouse subependymal zone cells as described previously (Kukekov et al.,
1997, 1999) with some modifications. Briefly, the minced brains of new-
born mice were dissociated in 0.25% trypsin solution with 0.1 mM EDTA
during slow stirring on a magnetic plate at room temperature for 15 min.
After trituration through a plastic 5 ml pipette and a fire-polished Pasteur
pipette, the dissociate was filtered through sterile gauze, washed three to
five times in 5 ml of DMEM/F12 medium to eliminate cell aggregates and
debris, and then verified visually to contain only single cells when
counted with a hemocytometer. Finally, cells were resuspended in methyl
cellulose (0.8%) in DMEM/F12 mixture (1:1) medium (Stem Cells Tech-
nologies, Vancouver, British Columbia, Canada) with insulin (0.5 �g/
ml), progesterone (20 nM), putrescine (100 �g/ml), sodium selenite (30
ng/ml), and transferrin (25 �g/ml). The cells were seeded in six-well
plates (Corning, Corning, NY) that were coated with a nonadhesive sub-
strate, poly 2-hydroxyethyl methacrylate (Sigma), as recommended by

the manufacturer, at a density of 5 � 10 4 cells per well. Freshly thawed
EGF and FGF2 were added every 3 d during a 14 –18 d period of clone
generation to a concentration of 10 ng/ml each. Neurosphere cultures
were maintained in a 37°C incubator with 5% CO2 and 100% humidity.
After clone formation, the clones were transferred to coverslips coated
sequentially with poly-L-ornithine and laminin to allow the clones to
attach and differentiate in DMEM/F12 medium with 10% FCS.

PSA-NCAM� SVZ cells were prepared by immunopanning as de-
scribed previously (Mason and Goldman, 2002). Briefly, the SVZ was
removed from the brain of a 2-d-old Sprague Dawley rat and was me-
chanically and enzymatically dissociated with 0.125% trypsin (Sigma)
and 0.02% collagenase (Worthington, Freehold, NJ). This cellular sus-
pension was filtered through sterile 0.74 mm mesh, and the trypsin was
neutralized with 10% heat-inactivated serum. The dissociated cells were
collected by centrifugation and resuspended in 0.9 M sucrose/MEM (In-
vitrogen). This cellular suspension was centrifuged again, and the pro-
genitors (bottom layer) were collected and resuspended in serum-free
medium (see below). Approximately 3.1 � 10 7 cells (range, 2.5 � 10 7-
4.1 � 10 7 cells) were isolated from the SVZ of each neonatal rat with the
cells being pooled from five to six rat forebrains for each culture experi-
ment. PSA-NCAM� cells were purified from the total progenitors to
�98% purity (the range is between 96 and 99%) by immunopanning as
described previously (Mason and Goldman, 2002). In brief, immunopan
plates were produced by incubating goat anti-mouse IgM antibody (20
mg/ml; Cappel, West Chester, PA), diluted in 50 mM Tris, in Falcon 1007
Petri dishes (Fisher Scientific, Houston, TX) overnight at 37°C. The
plates were then washed, incubated with PSA-NCAM hybridoma super-
natant (undiluted) at 37°C for 3 h, and then blocked with 10% normal
goat serum/10% BSA at 37°C for 30 min. Cells at 2 � 10 6 were then
incubated in the PSA-NCAM immunoplate for 1 h at 37°C. The plates
were then washed and coated with trypsin/EDTA for 10 min at 37°C. The
detached cells were collected in an equal volume of 10% heat-inactivated
serum to neutralize the trypsin, centrifuged, and then resuspended in
serum-free medium. Some of the cells were then fixed and prepared for
immunohistochemistry 1 h after isolation to determine purity. Approx-
imately 4.1 � 10 4 PSA-NCAM� cells (range, 2.4 � 10 4-6.9 � 10 4 PSA-
NCAM� cells) were isolated from each neonatal forebrain.

Transfection. The transfection of telencephalic cells was performed as
described previously (Angelastro et al., 2003). Briefly, 80 pmol per well
ATF5 small interfering RNA (siRNA) oligoduplex (AAN19; AAG UCA
GCU GCU CUC AGG UAC) was mixed with 1 �g per well pCMS (im-
mediate early cytomegavirus promoter; multiple cloning site, simian vi-
rus 40 promoter)-enhanced GFP (eGFP) vector in 100 �l of DMEM
medium. An equal amount of DMEM medium premixed with 1 �l of
Lipofectamine 2000 per well was added and mixed with the vector and
siRNA. After 30 min, the final mixture was added to one-sixth of the final
volume containing the cells, and the cells were refed with fresh culture
medium after 7 h of transfection. As a control, telencephalic cells with
transfected with pCMS-eGFP vector alone.

Retrovirus production and infection. A nonreplicating retrovirus ex-
pressing only eGFP was produced by transfecting subconfluent GP2 (293
cell retrovirus packaging line with gag and pol retrovirus genes) 293 cells
with 15 �g of QCX (Q series retrovirus vector, immediate early cyto-
megavirus promoter; X multiple cloning site for gene of interest)-eGFP
or pLeGFP and 15 �g of pVSV-G in presence of 10 –20 �l of Lipo-
fectamine 2000 for 5 h (following the manufacturer’s protocol; Clontech,
Cambridge, UK). Alternatively, eGFP-only retrovirus was produced by
centrifuging supernatant of a subconfluent cell line (transiently trans-
fected with pVSV-G) that stably expresses eGFP in the tetracycline
operon enhancer–promoter construct pNIT-eGFP (a gift from Drs. Theo
Palmer, Steve Suhr, and Fred Gage, The Salk Institute, La Jolla, CA)
(Palmer et al., 1999). GP2 293 cells were transfected as above with QC-
FLAG-ATF5-eGFP or pLeGFP-FLAG-NTAzip-ATF5 to produce the bi-
cistronic FLAG-ATF5-eGFP or fusion eGFP-FLAG-NTAzip-ATF5 retro-
viruses. For telencephalic cells and for in vivo experiments, culture
medium was collected 48 h after transfection, and the virus was concen-
trated by centrifugation at 50,000 � g at 4°C. The final titer was �1 � 10 6

virus particles per ml. Telencephalic cells were infected with 5 �l of
retrovirus per well 1 d after plating, and the cells were fixed and examined
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11 d later. Retroviral infection of total and PSA-NCAM SVZ cells was
performed by centrifuging the transfected GP2 293 cells, resuspending in
serum-free medium, and plating in a cell culture 0.4 �m filter insert
(Falcon) placed above the SVZ cycling progenitor cell monolayer. The
constant exposure to retrovirus achieved in this manner results in infec-
tion of nearly 100% of dividing progenitors. After 5 d, the filters were
removed, and the SVZ cells were fixed. For in vivo studies, retrovirus was
injected under stereotactic control into the SVZ of postnatal day 1 (P1)
rats as described previously (Levison et al., 1993; Zerlin et al., 1995;
Kakita and Goldman, 1999). After 7 d, the animals were killed and fixed
by transcardial perfusion with 4% paraformaldehyde.

Immunohistochemistry. Dissociated telencephalic cultures and SVZ
cells were fixed and stained as described previously (Angelastro et al.,
2003), except that 20% normal goat serum and no Triton X-100 was used
for blocking cultures of SVZ cells. Cultures were immunolabeled as fol-
lows: (1) rabbit anti-GFP (1:1000) and mouse anti-nestin (1:200); (2)
rabbit anti-GFAP (1:1000), mouse TUJ1 (1:2000), and mouse anti-GFP
IgG1; (3) mouse anti-GFP IgG2a (1:100), mouse anti-nestin (1:200), and
rabbit anti-Ki67 (1:1000); (4) mouse anti-GFP IgG2a (1:100), mouse
anti-GFAP IgG1, and rabbit anti-ATF5 antiserum (1:500) (Angelastro et
al., 2003); or (5) mouse anti-GFP IgG2a (1:100), mouse IgG1 anti-�-
catenin (1:200), and rabbit anti-GFAP. Overnight incubation was fol-
lowed by secondary labeling with goat FITC- or Alexa 488-conjugated

anti-rabbit or anti-mouse antibodies (1:4000),
goat tetramethylrhodamine isothiocyanate
(TRITC)- or Alexa 568-conjugated anti-rabbit
or anti-mouse antibodies, or 7-amino-4-
methylcoumarin-3-acetic acid (AMCA)-
conjugated anti-rabbit (1:100) or AMCA-
avidin D bound to goat anti-mouse
biotinylated IgG2a at 1:100.

Brains from P7–P8 animals (perfused as
above) were drop-fixed in 4% paraformalde-
hyde in PBS buffer for 1 h, cryoprotected in
30% sucrose overnight, frozen in OCT com-
pound (Tissue-Tek, Miles, Elkhart, IN), and
then cryosectioned (14 �m). Sections were
blocked for 1 h in 20% nonimmune goat serum
and then incubated in 20% nonimmune goat
serum overnight at 4°C with: (1) ATF5 anti-
serum (1:500) and mouse anti-GFAP IgG1 an-
tibody (1:200); (2) rabbit anti-GFP (1:500) and
mouse anti-nestin (1:200); (3) rabbit anti-GFP
(1:500) and mouse anti-GFAP(1:200); (4) rab-
bit anti-GFP (1:500) and mouse anti-tubulin �
(III) (1:500); or (5) rabbit anti-GFP (1:500) and
mouse anti-�-catenin (1:200). The sections
were incubated subsequently for 1 h with goat
FITC-conjugated anti-rabbit and rhodamine-
TRITC-conjugated anti-mouse antibodies in
20% nonimmune goat serum.

For BrdU incorporation and immunostain-
ing, cells were labeled with 10 �M BrdU for 5 h
as described previously (Mason and Goldman,
2002) and subsequently fixed and blocked as
described for the SVZ above. Incorporated
BrdU was labeled with mouse IgG1 anti-BrdU
with nuclease as described by the manufacturer
(Amersham Biosciences, Arlington Heights,
IL). The cells were visualized with rabbit anti-
GFP, goat anti-rabbit FITC, and goat anti-
mouse TRITC-conjugated antibodies.

Confocal microscopy. Cultures of adherent neu-
rospheres were immunostained and examined by
confocal microscopy as described previously (An-
gelastro et al., 2003). Confocal microscopy was
performed on a Bio-Rad (Hercules, CA) confocal
microscope system 1024ES (neurosphere cul-
tures). Images were obtained under conditions
that were identical for both fluorochromes.

Statistical analyses. Comparisons for pairs of data were conducted with
Student’s t test.

Results
ATF5 is downregulated during forebrain
astrocyte development
Our previous findings using an ATF5-specific antiserum indicate
that during rat embryonic development, ATF5 is highly ex-
pressed in the GFAP-negative neural epithelium of the VZ but is
little or not at all expressed in postmitotic cortical neurons (An-
gelastro et al., 2003) (Fig. 1A–D). Examination of postnatal fore-
brain (P9) revealed that ATF5 continues to be expressed in the
VZ (data not shown) as well as within a subpopulation of cells in
the SVZ (Fig. 1E–G). The expression of ATF5 in the SVZ was
primarily nuclear, and the positive cells tended to be clustered. To
examine ATF5 expression in cortical astrocytes, sections from P9
forebrain were costained with anti-GFAP and anti-ATF5 (Fig.
1H–J). GFAP� cells with the morphology of astrocytes (com-
pare arrows) did not show nuclear expression of ATF5. In some
cases (compare bottom arrow), the cells did not detectably ex-

Figure 1. ATF5 is expressed by VZ and SVZ progenitor cells but not in nuclei of mature astrocytes. A, B, ATF5 is highly expressed
in the VZ but not in neurons of developing cortex (CX) of E14 rat brain. Coronal sections of E14 rat telencephalon in area of lateral
ventricle (dark area in center) were stained for ATF5 (A; red) and tubulin � (III) (B; green). C, D, ATF5-positive cells (D; red) in the
VZ of E15 telencephalon do not express GFAP (C; green). Coronal section, lateral ventricle is dark area at left. E–G, ATF5 is expressed
in the postnatal SVZ. Saggital sections of rat P9 brains were stained with anti-ATF5 (E; red) or with 4�,6�-diamidino-2-
phenylindole (DAPI) to reveal nuclei (F; blue). G, Merged images. Note the nuclear localization of ATF5 in clusters of cells in SVZ.
H–J, ATF5 is either undetectable or in cytoplasm of cortical astrocytes in postnatal brain. Cortical sections of P9 rat brain were
stained with either anti-GFAP (green), anti-ATF5 (red), or anti-DAPI (blue). J shows merged image. Note absence of ATF5 staining
in nuclei of GFAP� cells with morphology of mature astrocytes. The top arrow shows GFAP� cell with no nuclear and apparent
small amount of cytoplasmic ATF5. The middle arrow shows GFAP� cell with cytoplasmic ATF5 staining. The bottom arrow shows
GFAP� cell without apparent ATF5 staining. Scale bars: (in A, C) A–D, 100 �m; (in G) E–G, 50 �M; (in H ) H–J, 25 �m.
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press ATF5, whereas in others (compare
middle arrow), they appeared to have a
low level of cytoplasmic ATF staining.
These observations indicate that VZ and
postnatal SVZ progenitor cells express nu-
clear ATF5, whereas mature cortical astro-
cytes do not. When present in cortical as-
trocytes, ATF5 appears to be cytoplasmic
and hence is unlikely to act as a transcrip-
tion factor.

As another approach to the question of
ATF5 expression in astrocytes and in pro-
genitor cells that become astrocytes, we
grew clonal neurosphere cultures from
newborn mouse SVZ or hippocampal
dentate gyrus in presence of FGF2 and
EGF and then permitted them to differen-
tiate into neurons and glia by plating on a polylysine/laminin
substrate in presence of serum (Kukekov et al., 1997, 1999; Lay-
well et al., 1999, 2000, 2002). Essentially all of the undifferentiated
cells at the centers of the cultures were strongly positive for ATF5
expression but negative for GFAP (Fig. 2A). In contrast, cells that
had migrated from the center and acquired a flatter, process-
bearing appearance were negative for ATF5 expression and
strongly positive for GFAP (Fig. 2C). Finally, we found that cells
located between the centers of the cultures and the peripheral
astrocytes showed the presence of low but detectable levels of
both nuclear ATF5 and of filamentous GFAP (Fig. 2B). These
findings support the idea that ATF5 is present in progenitor cells
in neurospheres and that ATF5 is downregulated in such cells as
they undergo the transition into mature astrocytes.

Constitutive expression of ATF5 represses, but dominant-
negative ATF5 and ATF5 siRNA leads to, astrocytic
differentiation of cultured embryonic telencephalic
neural progenitors
The presence of ATF5 in embryonic neural progenitors and its
loss from nuclei and downregulation as they develop into astro-
cytes led us to assess whether ATF5 expression functionally influ-
ences this differentiation. We first established cultures from dis-
sociated E14 and E15 rat telencephali, which initially consist
mainly of neural progenitors and preexisting neurons and con-
tain low numbers of astrocytes. When the cultures are main-
tained with 5% fetal bovine serum, formation of astrocytes from
neural progenitors is induced, and significant numbers of astro-
glia are present after postplating day 11 (Qian et al., 2000;
Barnabe-Heider and Miller, 2003). To test the effects of constitu-
tive ATF5 expression and of interference with ATF5 activity, the
cultures were infected at 1 d in vitro with retrovirus constructs
expressing eGFP, eGFP-FLAG-NTAzip-ATF5, or FLAG-ATF5
and eGFP (Angelastro et al., 2003), and 10 d later, the infected
cells were examined for morphology and expression of markers.
Azip-ATF5 lacks the ATF5 DNA-binding and activation do-
mains, has enhanced capacity to interact with and neutralize
binding partners, and has been shown to act effectively as a dom-
inant negative that interferes with functional actions of ATF5
(Angelastro et al., 2003). Neural progenitors infected with the
control virus (eGFP alone) either exhibited a round, undifferen-
tiated shape (Fig. 3Aa) or acquired a process-bearing morphol-
ogy (Fig. 3Ab). Immunostaining revealed that all of the process-
bearing cells expressed GFAP and comprised 20 –25% of the total
GFP� cells (Fig. 3Ab,B,C). In contrast, neural progenitors in-
fected with the ATF5 retrovirus did not show a glial morphology

or expression of tubulin � (III) and formed spherical colonies
(Fig. 3Ac,Ad), and many fewer expressed GFAP (Fig.
3Ac,Ad,B,C). Finally, a loss of ATF5 function achieved with the
Azip-ATF5 retrovirus more than doubled (compared with con-
trols) the proportion of infected cells that were GFAP� (Fig.
3Ae,Af,B,C), and all of these showed a process-bearing morphol-
ogy (Fig. 3Ae,Af). This increase in astrocytes did not appear to
result from a preferential proliferation of astrocytes, because
Azip-ATF5 expression severely inhibits proliferation (see below).
Thus, ATF5 appears to block and Azip-ATF5 to lead to astroglial
differentiation of cultured embryonic neural progenitor cells.

To corroborate our results with Azip-ATF5 and to verify that
the effects achieved with this protein are caused by interference
with ATF5 function rather than to irrelevant interactions with
other transcription factors, we used an siRNA that selectively
downregulates ATF5 (Angelastro et al., 2003). This construct re-
duced the proportion of cells expressing endogenous ATF5 by
nearly two-thirds and, like expression of Azip-ATF5, doubled the
proportion of GFAP� cells (Fig. 3D). As with Azip-ATF5, most
of the latter possessed a process-bearing astrocytic morphology.
Transfection with an irrelevant siRNA (targeting rat plenty of
SH3s) had no effect (data not shown).

Reciprocal interactions between ATF5 and CNTF
In the above experiments, astroglial differentiation either oc-
curred spontaneously or was driven by factors present in the
cultures. We next assessed the effect of ATF5 on the actions of
CNTF, a defined factor that promotes differentiation of neural
progenitor cells into astrocytes (Park et al., 1999; Qian et al., 2000;
Menard et al., 2002). We again used serum-containing medium,
because this provided a population of neural progenitors as well
as a moderate level of basal astrocyte formation that had the
potential to be manipulated by our experimental treatments. For
cells infected with the control retrovirus, CNTF nearly doubled
(from �20 to �40%) the proportion of progenitors that became
GFAP� (Fig. 3B,C). CNTF could not, however, override the
suppression of astrocyte development produced by constitutive
ATF5 expression (Fig. 3B,C). The suppression of astrocyte devel-
opment was not caused by or accompanied by a diversion of
neural progenitor differentiation toward a neuronal phenotype,
because ATF5 also suppressed the formation of TUJ1-positive
cells, also in the presence or absence of CNTF (Fig. 3C).

As noted above, the loss of ATF5 function, produced by the
Azip-ATF5 retrovirus, doubled the proportion of cells that were
GFAP�. Adding CNTF to the medium of Azip-ATF5-infected
cells did not further increase the proportion of GFAP� cells,

Figure 2. ATF5 is expressed by cells in transition between neural progenitors and astrocytes, but not by mature astrocytes, in
attached neurosphere cultures. Cultures of attached neurospheres were coimmunostained for ATF5 (red) and GFAP (green). A,
Progenitor cells near the center of the culture show strong staining for ATF5. Farther from the periphery of the cultures, cells
resembling immature astrocytes (B) show coexpression of ATF5 and GFAP, whereas cells resembling mature astroglia (C) express
GFAP but not ATF5. Scale bar, 50 �m.
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showing that the effects of the two treat-
ments are not additive. In fact, the propor-
tion of GFAP� cells in control cultures
treated with CNTF (40%) was similar to
that for cells expressing Azip-ATF5 in the
absence or presence of CNTF (Fig. 3B,C).
Thus, downregulation of ATF5 and expo-
sure to CNTF drive astrocyte differentia-
tion to the same extent. The lack of addi-
tivity suggested that CNTF might act by
decreasing ATF5 levels. In agreement with
this, in control cultures, CNTF treatment
decreased by approximately one-half the
proportion of cells expressing endogenous
ATF5 (Fig. 3B). This decrease (a difference
of �20% of the total cell number) was
similar to the increase in the proportion of
GFAP� cells promoted by CNTF and is
thus consistent with the interpretation
that induction of astrocyte differentiation
by CNTF results in and requires the down-
regulation of ATF5. CNTF did not reduce
expression of exogenous (retroviral-
expressed) ATF5 (Fig. 3B), indicating that

Figure 3. ATF5 represses and Azip-ATF5 and ATF5 siRNA accelerate astrocyte differentiation in cultures of E15 telencephalic
neural progenitor cells. A, Effects of ATF5 and Azip-ATF5 on morphology and GFAP expression of cultured E15 telencephalic cells.
After 1 d in culture, cells were infected with retroviruses expressing eGFP, FLAG-ATF5 and eGFP, or eGFP-Azip-ATF5. On the 10th
day after infection, the cultures were immunostained for expression of eGFP, GFAP, nestin, and ATF5. The panel shows examples
of cells costained for eGFP and GFAP expression under each indicated condition. The inset in c shows a magnified version of bottom
cell cluster. B, CNTF downregulates ATF5 expression, and ATF5 represses CNTF-promoted genesis of astrocytes. Experimental
conditions were as in A except that CNTF was added to the medium as indicated. Values represent means � SEM for three cultures
in which at least 200 infected cells were evaluated per culture for expression of ATF5 (left) or GFAP (right). Student’s t test analysis
of infected cells for ATF5 expression (left) without versus with CNTF: eGFP alone, p � 0.03; GFAP expression (right) without versus
with CNTF: eGFP alone, p � 0.02. There were no other significant differences. Comparable results were achieved in three
independent experiments. C, ATF5 represses and Azip-ATF5 (Azip) promotes astroglial differentiation in both the absence and
presence of CNTF. Experimental conditions were as in A except that CNTF was added to the medium as indicated. Values represent
the mean � SEM for three cultures in which at least 300 transfected cells were evaluated per culture. Student’s t test analysis of
infected cells: GFAP expression without versus with CNTF: eGFP alone, p � 0.005; ATF5 retrovirus, no significant difference; Azip
retrovirus, p � 0.04; TUJ1 expression without versus with CNTF: eGFP alone, p � 0.04; ATF5 retrovirus, no significance; Azip
retrovirus, p � 0.04. Left panel (no CNTF) for GFAP expression: eGFP alone versus ATF5 retrovirus, p � 0.003; eGFP alone versus
Azip retrovirus, p � 0.003. Left panel (no CNTF) for TUJ1 expression: eGFP alone versus ATF5 retrovirus, p � 0.001; eGFP alone
versus Azip retrovirus, p�0.005. Right panel (plus CNTF) for GFAP expression: eGFP alone versus ATF5 retrovirus, p�0.006; eGFP

4

alone versus Azip retrovirus p � 0.06. Right panel (plus
CNTF) for TUJ1 expression: eGFP alone versus ATF5 retrovirus,
p � 0.002; eGFP alone versus Azip retrovirus, not significant.
Comparable results were achieved in three independent ex-
periments. D, Downregulation of ATF5 expression by ATF5
siRNA promotes astrocyte differentiation. Cultured E15 telen-
cephalic cells were transiently transfected with pCMS-eGFP
with or without ATF5 siRNA. Seven days after transfection,
GFP� cells were immunostained for expression of ATF5 or
GFAP as indicated. Values represent the mean � SEM for six
cultures in which at least 200 transfected cells were evalu-
ated per culture. Comparable results were achieved in 10 in-
dependent experiments. Student’s t test analysis of trans-
fected cells: GFAP expression for eGFP alone versus GFP plus
ATF5 siRNA, p � 0.03; ATF5 expression for eGFP alone versus
eGFP plus ATF5 siRNA, p � 0.007. E, ATF5 increases the num-
ber of nestin� cells and of dividing cells in cultures of E15
telencephalic neural progenitors. Experimental conditions
were as in A with infected cells evaluated for expression of
nestin or Ki67 antigen. Values represent the mean � SEM for
three cultures in which at least 200 transfected cells were
evaluated per culture. Comparable results were achieved in
three independent experiments. Student’s t test analysis of
infected cells, nestin expression: eGFP alone versus ATF5 ret-
rovirus, p � 0.001; eGFP versus Azip retrovirus, p � 0.01;
Ki67 expression: eGFP versus ATF5, p � 0.002; eGFP versus
Azip, not significant. F, The nestin� cells generated in cul-
tures of E15 telencephalic neural progenitors by ATF5 do not
coexpress GFAP. Experimental conditions were as in A with
infected cells evaluated for expression of GFAP and/or nestin.
Values represent the mean � SEM for three cultures in which
at least 200 transfected cells were evaluated per culture. Stu-
dent’s t test analysis of infected cells, GFAP expression: eGFP
alone versus ATF5 retrovirus, p � 0.02; eGFP alone versus
Azip retrovirus, p � 0.02; nestin expression: eGFP alone ver-
sus ATF5 retrovirus, p � 0.0001; eGFP alone versus Azip ret-
rovirus, not significant; colocalized GFAP and nestin: eGFP
versus ATF5 retrovirus, p � 0.005; eGFP versus Azip retrovi-
rus, not significant.
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regulation of ATF5 by CNTF is at the tran-
scriptional rather than posttranslation
level.

Overexpression of ATF5 induces
progenitor cells to remain in the cell
cycle and to continue expression
of nestin
If ATF5 blocks embryonic telencephalic
cells from differentiating into astrocyte or
neurons, then does it maintain them as
proliferating progenitors? To determine
this, we infected E15 telencephalic cultures
with control, ATF5, and Azip-ATF5 retro-
viruses and 11–24 d later immunostained
them for expression of Ki67, a marker for
cells in cycle. ATF5 expression increased
the proportion of Ki67� cells by �10-
fold, to 50% of the population (Fig. 3E).
We also assessed the expression of nestin,
which is present in proliferating embry-
onic VZ neural progenitors (Eliasson et al.,
1999; Wei et al., 2002; Filippov et al., 2003)
but also in some astrocytes, especially
those in a reactive state (Schmidt-Kastner
and Humpel, 2002; Wei et al., 2002). Con-
stitutive ATF5 expression increased the
proportion of nestin� cells in the cultures
by more than threefold (to 60 – 80%) (An-
gelastro et al., 2003), but very few of these
coexpressed GFAP (Fig. 3E,F). This con-
trasts with control cells and those express-
ing Azip-ATF5, in which approximately
two-thirds of the nestin� cells coexpress GFAP (Fig. 3F). Thus,
constitutive ATF5 expression maintains cultured embryonic
neural progenitor cells in a proliferative state characterized by
expression of nestin and by the absence of neuronal and astroglial
markers.

ATF5 represses, and Azip-ATF5 leads to, astrocytic
differentiation of cultured postnatal PSA-NCAM� SVZ cells
Because many astrocytes of the forebrain originate postnatally
from progenitors in the SVZ (Marshall et al., 2003), for review we
examined the effects of expressing ATF5 or Azip-ATF5 in SVZ
cells, first in culture and then in vivo. For culture studies, we
dissected the SVZ from the P1 rat forebrain, dissociated the cells,
and immunopanned with an anti-PSA-NCAM antibody. This
antigen is expressed on the migratory SVZ cells that give rise to
oligodendrocytes, astrocytes, and olfactory interneurons and dis-
tinguishes this population from VZ cells, which do not express
PSA-NCAM (Marshall and Goldman, 2002). The freshly isolated
cells were continuously exposed for 5 d to retroviruses expressing
eGFP (control), eGFP-Flag-Azip-ATF5, or Flag-ATF5 and eGFP
via a transmembrane apparatus (see Materials and Methods) to
achieve a high rate of infection. On the fifth day, cells were ex-
posed to BrdU for 5 h and then fixed and stained for expression of
eGFP, GFAP, nestin, tubulin � (III), and BrdU.

More than 80% of the cells infected with the control eGFP
virus exhibited a round morphology (Fig. 4Aa), and an average of
10% (range, 3–20% in three experiments) expressed GFAP with a
similar proportion expressing nestin (Fig. 4D). A small propor-
tion of such cells (2%) exhibited a neuronal marker [tubulin �
(III)] (Fig. 4B), whereas 5% were positive for BrdU incorpora-

tion (Fig. 4C). In contrast, the expression of Azip-ATF5 appeared
to promote differentiation. At least 50% of the infected cells ac-
quired a flat, process-bearing astroglial morphology (Fig. 4Ac)
and expressed GFAP (Fig. 4D,E). The latter represents at least a
threefold increase over controls (average increase, 8 � 5-fold in
three independent experiments). The dominant negative (d/n)
also increased the proportion of nestin� cells, and most of these
coexpressed GFAP (Fig. 4D). Coexpression of GFAP and nestin
has been observed in cells with morphologic and physiologic
properties of astrocytes (Schmidt-Kastner and Humpel, 2002;
Wei et al., 2002), raising the possibility of a similar occurrence in
our cultures. In support of the interpretation that the GFAP�
and GFAP�/nestin� cells infected with the Azip-ATF5 con-
struct were likely to be differentiated astrocytes, essentially none
of such cells incorporated BrdU (Fig. 4C). Finally, as in embry-
onic cultures, although the numbers were small, expression of
Azip-ATF5 significantly enhanced the generation of cells with the
neuronal marker tubulin � (III) (from 2 to 6%).

The effects of expressing ATF5 in SVZ cells were in many
respects similar to those observed with embryonic neural progen-
itors. ATF5 suppressed neurogenesis (Fig. 4B), increased the pro-
portion of infected cells expressing nestin (Fig. 4D), and pro-
duced a fivefold increase in the proportion of cells incorporating
BrdU (Fig. 4C). The cells constitutively expressing ATF5 also
lacked glial or neuronal morphology and formed either aggre-
gates of round cells or chains of spindle-shaped cells (Fig. 4Ab).
However, in contrast with the embryonic population, there was
also an increase in the proportion of GFAP� cells (Fig. 4D,E).
GFAP, however, is expressed both by differentiated astrocytes
and postnatal, neural “stem” cells (Imura et al., 2003), and so its

Figure 4. ATF5 represses and Azip-ATF5 promotes neuronal and astrocytic differentiation of PSA-NCAM� SVZ cells. A, Mor-
phology of PSA-NCAM� SVZ cells infected with retroviral constructs expressing eGFP, FLAG-ATF5 and eGFP, or eGFP-Azip-ATF5.
Immediately after plating, the cells were cocultured (separated by a 0.4 �m membrane) with virus-producing GP2 293 cells as
described in Materials and Methods. Infected SVZ cells were stained 5 d later for expression of eGFP. Scale bar, 100 �m. B, ATF5
represses and Azip-ATF5 promotes neuronal differentiation of cultured PSA-NCAM� SVZ cells. Experimental conditions were as
in A. Infected eGFP� cells were evaluated for expression of tubulin � (III). Values represent the mean � SEM for three cultures
in which at least 100 transfected cells were evaluated per culture. Student’s t test analysis of infected cells: eGFP alone versus ATF5
retrovirus, p � 0.006; eGFP alone versus Azip, p � 0.0001. C, ATF5 promotes and Azip-ATF5 represses proliferation of cultured
PSA-NCAM� SVZ cells. Experimental conditions were as in A except that cultures were exposed to BrdU for 5 h before fixing and
were evaluated for BrdU incorporation. Values represent the mean � SEM for three cultures in which at least 100 transfected cells
were evaluated per culture. Student’s t test analysis of infected cells: eGFP versus ATF5 retrovirus, p � 0.0001; eGFP versus Azip
retrovirus, p � 0.0002. D, Regulation of GFAP and nestin expression in cultured PSA-NCAM� SVZ cells by ATF5 and Azip-ATF5.
Experimental conditions were as in A. Values represent the mean � range for two cultures in which at least 100 transfected cells
were evaluated per culture. E, ATF5 promotes expression of �-catenin in cultured PSA-NCAM�SVZ cells. Experimental conditions
were as in A. Values represent the mean � range for two cultures in which at least 100 transfected cells were evaluated per
culture. Data at far right show percentage of infected GFAP� cells that also express �-catenin.
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presence did not give us a clear indication of phenotype. There-
fore, we examined expression of �-catenin, a protein that is ex-
pressed in the VZ, where it appears to play a role in promoting VZ
cell proliferation (Chenn and Walsh, 2002, 2003). We found that
all cells constitutively expressing ATF5 were �-catenin� (Fig.
4E). This contrasts with the �20% of control or Azip-ATF5-
infected cells that expressed �-catenin. Moreover, double label-
ing for GFAP and �-catenin expression revealed that in ATF5-
infected cultures, all cells that were GFAP� were also
�-catenin�. In contrast, less than one-quarter of the cells in-
fected with the Azip-ATF5 retrovirus coexpressed the two mark-
ers (Fig. 4E). These observations support a model in which the
constitutive expression of ATF5 suppresses differentiation,
maintains the cells in a proliferative state, and induces expression
of markers characteristic of VZ cells. In contrast, interference
with ATF5 function leads to the differentiation of PSA-NCAM�
SVZ progenitors into neurons and glia.

In vivo expression of exogenous ATF5 in SVZ cells represses
astrogenesis and promotes a VZ-like phenotype, whereas
Azip-ATF5 leads to astrogenesis
To determine whether our in vitro observations apply to progen-
itors in vivo, we next used stereotactic injection to infect prolifer-
ating SVZ cells in the P1 rat forebrain with the various retrovi-
ruses. With this protocol, retroviruses infect the unipolar or
bipolar cells that migrate from the SVZ either radially to form glia
or through the rostral migratory stream to form interneurons
(Suzuki and Goldman, 2003). VZ cells are not infected. The ani-
mals were killed 7 d later, and the fates of infected cells were
monitored by immunostaining for eGFP and various markers.
Cells infected with the control virus were distributed among the
SVZ, corpus callosum, cortex, and olfactory bulb; none were de-
tected in the VZ (supplemental Fig. 1, available at www.jneuro-
sci.org as supplemental material, Fig. 5A). As established previ-
ously (Suzuki and Goldman, 2003), those that migrated radially
into white matter, cortex, and striatum developed into astrocytes
and oligodendrocytes, whereas those that migrated through the
rostral migratory stream into the olfactory bulb developed into
interneurons (Figs. 6, 7 and data not shown). When we injected
the ATF5 retrovirus, in contrast, we found that nearly 70% of cells
resided in the VZ, and the remaining population was within the
SVZ; none of the labeled cells were detected outside these germi-
nal layers (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material, Figs. 5A, 6, 7). Labeled cells appeared
round to polygonal in morphology, some displaying a single cy-
toplasmic process oriented radially (Figs. 6, 7). Thus, a majority
of the cells constitutively expressing ATF5 displayed both the
anatomic localization and morphology of VZ cells.

To characterize the infected cells further, we immunostained
them for GFAP, nestin, and �-catenin. Cells constitutively ex-
pressing ATF5 showed a strikingly different pattern from control
cells (Figs. 5B, 6A–H, 7A–P). Although essentially all of the
former expressed �-catenin, none of the latter were positive for
this protein (Figs. 5B, 6A–H). Furthermore, nearly all ATF5 cells
were nestin�, whereas �5% of the control population expressed
nestin (Figs. 5B, 7A–D,I–L). Finally, �80% of the ATF5
retrovirus-infected cells expressed GFAP, whereas �30% of the
control population was GFAP� (Figs. 5B, 7E–H,M–P). These
differences between ATF5-infected cells and control virus-
infected cells are similar to those observed in postnatal SVZ cells
in vitro (see above and Fig. 4) and, coupled with the morphology
and position of the cells, indicates that constitutive expression of
ATF5 maintains/promotes their status as neural progenitors.

To determine whether the effects achieved by short-term con-
stitutive expression of ATF5 are sustained, we also examined an-
imals 3.5 months after injection of SVZ cells with the ATF5 and
control retroviruses. This revealed that the ATF5-infected cells
had remained at the surface of the ventricle and had proliferated
to form a multilayered, hyperplastic mass (Fig. 6N). All labeled
cells in these brains were associated with these masses; none had
migrated into the overlying corpus callosum. The cells in these
masses stained positively for �-catenin, and most were positive
for nestin and GFAP (data not shown), further supporting the
idea that they represent a hyperplastic VZ.

Figure 5. Constitutive expression of ATF5 and Azip-ATF5 affects fate of SVZ neural progen-
itor cells in vivo. SVZ neural progenitor cells in vivo. A, Quantification of the effects of ATF5 and
Azip-ATF5 on the migratory behavior of SVZ neural progenitor cells. The SVZ of P1 rats was
stereotactically injected with retrovirus expressing eGFP (control), eGFP plus ATF5, or eGFP-
Azip-ATF5. One week later, the animals were killed, and brain sections were immunostained for
GFP to reveal the locations of infected cells. The numbers of infected neurons assessed per brain
ranged from 112 to 156. Comparable results were found in two additional brains. CC,
Corpus callosum; RMS, rostral migratory stream; OB, olfactory bulb. B, ATF5 and Azip-ATF5
affect the expression of markers by SVZ neural progenitor cells in vivo. Experimental
conditions are as in A. Data represent mean � SEM for data from three brains; at least 140
cells were assessed per brain.
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Expression of d/n Azip-ATF5 also altered the phenotype and
distribution of infected cells, but in a very different manner. The
majority of labeled cells were restricted to the border between
the SVZ and the overlying white matter or the white matter
itself (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material, Figs. 5A, 6). These had the appearance
of process-bearing glia (Figs. 6 I–L, 7Q–X ). A small number
reached the olfactory bulb, where they acquired the morphol-
ogy of interneurons (Fig. 5A and data not shown). Thus, cells
emigrated from the SVZ, but as a whole, the population did
not migrate normally, taking up residence as if they stopped
migration too early. Cells infected with d/n Azip-ATF5 also
showed a pattern of marker expression that differed from that
of control and ATF5-infected cells. Compared with controls,
there was a doubling (from 25 to 50%) in the proportion of
cells expressing GFAP, and �40% were nestin� (Figs. 5B,
7Q–X ). Very few, however, expressed �-catenin (Figs. 5B, 6).
Thus, the premature loss of ATF5 function leads to glial dif-
ferentiation in the white matter.

Discussion
ATF5 negatively regulates neural progenitor differentiation
into multiple lineages
The transcription factor ATF5 is expressed by VZ cells of the
embryonic and early postnatal forebrain but is downregulated,
and the lost from nuclei as progenitors differentiate into neurons
(Angelastro et al., 2003) and astrocytes (present data). Thus,
marked changes in ATF5 expression accompany the neuronal
and glial differentiation of neural progenitors. Furthermore,
functional experiments show that ATF5 appears to be a negative
regulator of neuronal and glial differentiation.

In this study, we observed that ATF5 blocks the differentiation
of neural progenitors into astrocytes. Constitutive expression of
ATF5 inhibited the development of astrocytes both in vitro and in
vivo, whereas the loss of ATF5 expression (with siRNA) or func-
tion (with d/n Azip-ATF5) enhanced astrocyte differentiation.
Constitutively expressed ATF5 inhibited astrocyte differentiation
in the presence of CNTF, a factor that promotes astrocyte devel-
opment. We also noted that CNTF appeared to decrease ATF5

Figure 6. Constitutive expression of ATF5 and Azip-ATF5 in SVZ neural progenitor cells affects their morphology, localization, proliferation, and expression of �-catenin. Experimental conditions
are as in Figure 5 except for M and N, in which animals were killed and brains examined 3.5 months after injection with retrovirus expressing eGFP alone (M; showing mature glial cells in the white
matter) or eGFP and Flag-tagged ATF5 (N; showing a hyperplastic mass at the ventricular surface). The diagrams to the right of each row depict the treatment and brain areas at which the
photographs were taken. Cells were stained as indicated for expression of GFP (green) and �-catenin (red). The arrows in E–G show positions of the same cells, each with the characteristic
morphology of VZ neural progenitors. Scale bars: A, 25 �m; D, 100 �m; (in N) M, N, 40 �m. CC, Corpus callosum; V, ventricle.
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expression in progenitors, suggesting that this factor may both
promote astrocyte genesis and remove a restraint on differentia-
tion. This function appears parallel to the in vitro effects of NGF
and NT3 in promoting neuronal differentiation and also down-
regulating ATF5 (Angelastro et al., 2003). In additional studies
(Mason et al., 2005), we observed that ATF5 is undetectable in
nuclei of mature oligodendroglia but is expressed in nuclei of
O4� oligodendrocyte precursors. Moreover, constitutive ATF5
expression maintains such oligodendendrocyte precursors in the
proliferative state and blocks their differentiation into mature
oligodendroglia; in contrast, d/n ATF5 expression in O4� pre-
cursors drives their exit from the cycle and oligodendroglial mat-
uration. Thus, ATF5 appears to negatively regulate the differen-
tiation of neural progenitor cells into all three lineages of neural
cells. In this role, ATF5 does not play an instructive role in deter-
mining the fate of progenitors but rather behaves as a general
repressor of their differentiation into either neurons or glia.
Stated another way, ATF5 expression appears to be subject to
regulation by a variety of extracellular signals that also convey
instructive information regarding fate.

Although ATF5 does not appear to play an instructive role in
the lineage decision of neural progenitors, it is possible that its
downregulation permits other transcription factors to act is this
role. For instance, neurogenin is reported to promote neurogen-
esis but to inhibit genesis of astroglia (Sun et al., 2001). It will be

thus of interest to explore the relationship, if any, between ex-
pression of ATF5 and that transcription factors that specify neu-
ral cell lineage.

ATF5 may be one of a group of transcription factors that
negatively regulate neural differentiation. Recent studies have
identified SoxB1 family members as transcription factors that,
like ATF5, block differentiation of neural progenitors and main-
tain them in a proliferative state (Bylund et al., 2003; Graham et
al., 2003). In particular, such work shows that SoxB1 family
members interfere with the differentiation of neural progenitors
into neurons; it remains to be seen whether such actions are
restricted only to the neuronal lineage or whether, like ATF5, they
will also include effects on glial lineages. In either case, it will be of
interest to establish the relationship, if any, between the mecha-
nisms of action of SoxB1 and ATF5 proteins.

Can ATF5 reverse the transition between VZ and SVZ cells?
An unanticipated result in both our in vivo and in vitro study of
SVZ cells is that the constitutive expression of ATF5 not only
blocked their differentiation but also changed their properties
and, in the in vivo case, their localization, to those characteristic
of VZ cells. Thus, unlike SVZ cells infected with control virus,
many of the SVZ cells constitutively expressing ATF5 were posi-
tive for GFAP, nestin, and �-catenin and negative for PSA-
NCAM. Furthermore, in vivo, in addition to the changes in mark-

Figure 7. Constitutive expression of ATF5 and Azip-ATF5 in SVZ neural progenitor cells affects their morphology, localization, and expression of nestin and GFAP. Experimental conditions are as
in Figure 5. Diagrams below each row depict the treatment and brain areas at which the photographs were taken. Cells were stained as indicated for expression of GFP, nestin, or GFAP. The third
horizontal row shows merged images; the fourth horizontal row shows 4� magnifications to highlight cell morphology. Cells with constitutive ATF5 expression display a simple morphology in
which a single long process (arrows) extends from a round cell body. In contrast, cells expressing Azip-ATF5 have a complex morphology in which several long, thick processes extend from irregularly
shaped cell bodies (arrowheads). Scale bars: (in D) D, H, L, P, T, X, 10 �m; (in A) A–C, E–G, I–K, M–O, Q–S, U–W, 25 �m. CC, Corpus callosum.
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ers, they acquired the morphology and anatomic localization of
VZ cells. Note that their distribution corresponds to that of cells
expressing endogenous ATF5 in the embryonic and early postna-
tal forebrain (Fig. 1). Moreover, when examined 3.5 months after
infection, the cells had proliferated to form a multilayered mass
extending from the ventricle.

Presumably, SVZ cells arise from local VZ cells or from the
ventral VZ, from which many SVZ cells migrate dorsally (Mar-
shall et al., 2003). Nothing is known about the mechanisms by
which VZ cells transform into SVZ cells. Our observations sug-
gest that the downregulation of ATF5 plays a role in this process
and imply that such a transition is reversible with increased ex-
pression of ATF5. However, although SVZ cells may have the
potential to revert to VZ cells with overexpression of ATF5, there
is presently no evidence that such a transition occurs under nor-
mal circumstances. Constitutive expression of ATF5 promotes
proliferation, but it does not limit migration, because the progen-
itors were able to migrate from the SVZ back to the VZ. Recently,
Noctor et al. (2004) showed that during normal development,
SVZ cells are able to migrate retrograde to the ventricle.

The upregulation of �-catenin in cells overexpressing ATF5 is
of particular interest. �-Catenin promotes and is required for
proper proliferation of neural progenitors (Chenn and Walsh,
2002, 2003). This is consistent with our observation that consti-
tutive ATF5 expression promotes continued proliferation by
both VZ and SVZ cells in culture and in vivo. The mechanism by
which ATF5 affects �-catenin expression is currently unclear and
merits additional investigation.

ATF5 loss of function accelerates astrocyte differentiation:
in vivo consequences for migration
One outcome of ATF5 loss of function in vivo was that the glial
progenitors that would have colonized the white matter, cortex,
and striatum did not show the normal pattern of migration but
appeared only at the border of the SVZ and white matter. It is
possible that a rapid loss of ATF5 function caused a premature
differentiation of these progenitors cells into glia, which in turn
may have caused a premature cessation of their normal migra-
tion. Thus, ATF5 loss of function in the SVZ may force the cells to
assume a mature nonmigratory astrocytic phenotype.

We noted previously that although loss of ATF5 function was
not sufficient to induce neuronal differentiation of PC12 cells,
loss of ATF5 function accelerated the initial rate of NGF-
promoted neurogenesis in PC12 cell cultures (Angelastro et al.,
2003). Moreover, in embryonic neural progenitor cell cultures, in
which there appears to be endogenous synthesis and release of
neurotrophic factors, ATF5 loss of function also substantially
accelerated neuronal differentiation (Angelastro et al., 2003). The
present experiments reveal similar effects in which, as judged by
both markers and morphological criteria, ATF5 loss of function
accelerates the differentiation of both embryonic and postnatal
neural progenitors into astrocytes in culture and accelerates as-
trocyte differentiation in vivo as cells emigrate from the SVZ. In
addition, consistent with its suppression of proliferation and pro-
motion of differentiation, the loss of ATF5 function in vivo ap-
peared to deplete the population of infected neural progenitor
cells that remain in the SVZ during early postnatal development.

In summary, our findings suggest that ATF5 acts to maintain
neural progenitor cells in the cell cycle and negatively regulates
their differentiation into neurons and glia. ATF5 expression is
subject to downregulation by growth factors that also convey
instructive signals regarding neural progenitor cell differentia-
tion. However, levels of ATF5 expression may affect neural pro-

genitor cell properties. Perturbation of ATF5 expression or func-
tion has significant effects on progenitor differentiation in vitro
and in vivo. Such findings reinforce the conclusion that ATF5 is a
major element in the mechanism by which the timing of neural
progenitor proliferation and differentiation are regulated.
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