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There is increasing evidence that hippocampal learning
correlates strongly with neurogenesis in the adult brain.
Increases in neurogenesis after brain injury also corre-
late with improved outcomes. With aging the capacity to
generate new neurons decreases dramatically, both un-
der normal conditions and after injury. How this de-
crease occurs is not fully understood, but we hypothe-
sized that transforming growth factor (TGF)-�1, a cell
cycle regulator that rapidly increases after injury and
with age, might play a role. We found that chronic
overproduction of TGF-�1 from astrocytes almost com-
pletely blocked the generation of new neurons in aged
transgenic mice. Even young adult TGF-�1 mice had
60% fewer immature, doublecortin-positive, hippocam-
pal neurons than wild-type littermate controls. Bro-
modeoxyuridine labeling of dividing cells in 2-month-
old TGF-�1 mice confirmed this decrease in neuro-
genesis and revealed a similar decrease in astrogenesis.
Treatment of early neural progenitor cells with TGF-�1
inhibited their proliferation. This strongly suggests that
TGF-�1 directly affects these cells before their differen-
tiation into neurons and astrocytes. Together, these
data show that TGF-�1 is a potent inhibitor of hip-
pocampal neural progenitor cell proliferation in adult
mice and suggest that it plays a key role in limiting
injury and age-related neurogenesis. (Am J Pathol 2006,
169:154–164; DOI: 10.2353/ajpath.2006.051272)

New neurons are continually produced in the adult hip-
pocampus from neural progenitor cells that proliferate in

close proximity to blood vessels1 and produce neurons,
astrocytes, and oligodendrocytes. There is increasing
evidence that hippocampal learning correlates strongly
with neurogenesis in the adult brain.2–5 Injury stimulates
neurogenesis,6 whereas certain inflammatory states in-
hibit it.7–9 Increases in neurogenesis after brain injury
also correlate with improved outcomes.10–15 Basal and
injury-induced production of new hippocampal neurons
dramatically decreases with age, as does the ability of
neural progenitor cells to proliferate.16–18 This is likely in
part because of declining levels of mitogens or growth
factors19,20; however, inhibitory signals have not been
well characterized. It is not known whether neurogenesis
is stimulated by chronic as well as acute neuronal injury,
but it is clear that production of new neurons does not
keep up with neuronal losses in neurodegenerative dis-
eases, in which neuronal losses increase with age and
are associated with inflammation.21

The transforming growth factor (TGF)-� family of pro-
teins includes the TGF-�s, bone morphogenic proteins,
activins, growth and differentiation factors (GDF), and
nodal. TGF-� family members act in a highly contextual
manner and, depending on cell type and environment,
may promote cell survival or induce apoptosis, stimulate
cell proliferation or induce differentiation, and initiate or
resolve inflammation.22–25 Members of the TGF-� super-
family are known to regulate both proliferation and differ-
entiation of neural progenitor cells26–28 and TGF-�1 itself
can inhibit proliferation in many cell types,23 including
neural crest stem cells27 and subventricular zone cells in
embryonic brain slice cultures.29

There are three isoforms of TGF-�; 1, 2, and 3. In the
brain, TGF-�2, TGF-�3, and TGF-� receptors are
widely distributed,30 whereas TGF-�1 is expressed
mostly in response to injury and/or aging.31–33 TGF-�1
is increased acutely after brain injury, including
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trauma, infection, ischemia, encephalitis, and autoim-
mune diseases, and is chronically elevated in numer-
ous neurodegenerative diseases.34 In these settings it
has been shown to have both beneficial and harmful
effects, including neuroprotection,30,35–38 gliosis,34 hy-
drocephalus,39 – 41 and vascular fibrosis.42 TGF-�1 can
also be both pro- and anti-inflammatory25 and medi-
ates tolerance to lipopolysaccharide.36,43,44

We show here that a chronic increase in TGF-�1 pro-
duction profoundly inhibits neurogenesis in vivo. Aged
transgenic mice overexpressing TGF-�1 produced virtu-
ally no new neurons in the hippocampus, and even at 9
weeks of age, TGF-�1 overexpression caused a 60%
decrease in the total number of immature neurons, hip-
pocampal bromodeoxyuridine (BrdU) incorporation, and
production of neurons and astrocytes. We show that
TGF-�1 activates its signaling cascade in neural progen-
itor cells in culture, decreasing proliferation of these un-
differentiated neural progenitor cells by prolonging their
cell cycles. Together, these data show that TGF-�1 is a
potent inhibitor of hippocampal neural progenitor cell
proliferation and suggest that this cytokine may contrib-
ute significantly to age- and inflammation-related de-
creases in adult neurogenesis.

Materials and Methods

Mice

TGF-�1 mice, expressing a constitutively active mutant of
porcine TGF-�1 under control of a GFAP promoter, have
been described (line 64).39 T64 TGF-�1 mice express
transgenic TGF-�1 mRNA twofold greater than endoge-
nous mRNA.42 The mature porcine peptide differs only in
one amino acid from its murine counterpart, and the
mutated pTGF-�1 cDNA has previously been shown to
be bioactive when expressed in transgenic ani-
mals.39,45,46 High-level overexpression of TGF-�1 results
in the development of communicating hydrocephalus;
however, low-expressor mice such as those used here do
not develop this complication. All mice are maintained on
an inbred, C57BL/6J genetic background (The Jackson
Laboratory, Bar Harbor, ME). Before sacrifice, mice were
deeply anesthetized with chloral hydrate, transcardially
punctured, and saline-perfused. Brains were postfixed
24 hours in 4% paraformaldehyde in 1� phosphate
buffer, pH 7.4 and then cryoprotected in 30% sucrose in
phosphate-buffered saline. Forty-�m coronal sections
were cut using a sliding microtome with a freezing stage.
All animal care and use was in accordance with institu-
tional guidelines and approved by the Palo Alto VA Com-
mittee on Animal Research.

Immunohistochemistry

Immunohistochemistry was performed using standard
techniques. 3,3�-Diaminobenzidine (Sigma, St. Louis,
MO) stains were performed using an ABC labeling kit
(Vector Laboratories, Burlingame, CA). For fluorescent
stains, secondary antibodies were purchased from either

Molecular Probes (Eugene, OR) or Jackson Immunore-
search (West Grove, PA). The sources for primary anti-
bodies included rat anti-bromodeoxyuridine (BrdU,
1:500; Accurate Chemical and Scientific Corp., West-
bury, NY), goat anti-doublecortin (Dcx, 1:500; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA), rabbit or mouse
anti-glial fibrillary acidic protein [GFAP, 1:1500 (DAKO,
Carpinteria, CA) and 1:1000 (Chemicon International, Te-
mecula, CA), respectively], rabbit anti-Ki67 (1:1000; No-
vocastra, Newcastle on Tyne, UK), rabbit anti-ionized
calcium-binding associated protein-1 (Iba-1, 1:2500;
Wako Bioproducts, Richmond, VA), rabbit anti-capase-3
(1:500, anti-Asp-175 of cleaved caspase-3; Cell Signal-
ing Technologies, Beverly, MA), mouse anti-nestin (1:8;
Developmental Studies Hybridoma Bank, University of
Iowa, Iowa City, IA), and mouse anti-neuronal nuclear
antigen (NeuN, 1:1000; Chemicon International, Te-
mecula, CA). Antigen retrieval with 3 mol/L HCl or sodium
citrate was used for BrdU and nestin, respectively.

BrdU-Injected Mice

To study the production of new neurons and glia, we
injected 8-week-old female TGF-�1 mice and their
C57BL/6J littermates with 50 mg/kg of BrdU intraperito-
neally once a day for 6 days, and sacrificed them either
1 or 28 days later. To estimate the number of BrdU-
positive cells, we performed immunohistochemistry for
BrdU on every sixth section. A blinded observer counted
every BrdU-positive cell in the granule cell and subgranu-
lar cell layer of the dentate gyrus on one, randomly se-
lected, side of each section. The total number of BrdU-
positive cells in these hippocampal regions was then
estimated by multiplying the number of cells counted by
12. Overestimation was corrected using the Abercrombie
method for nuclei with an empirically determined average
diameter of 6.5 �m within a 40-�m section. No significant
differences were observed in average nuclear diameter
between TGF-�1 mice and their wild-type littermates. As
performed, this method is a true unbiased stereological
method. The number of BrdU-positive cells that assumed
a neuronal fate was estimated by triple staining for BrdU
and doublecortin to mark immature neurons, and NeuN to
mark mature neurons. Confocal microscopy (MRC
1024ES; Bio-Rad, Hercules, CA) was used to examine
100 to 150 BrdU-positive cells from each mouse for each
stain and determine whether they co-labeled with Dcx,
NeuN, or both. The estimated total number of BrdU-
positive neurons was calculated by multiplying the result-
ant percentage of double-positive cells by the estimated
total number of BrdU-positive cells. Estimates of absolute
number of BrdU-positive hippocampal cells that became
microglia or astrocytes were performed in the same man-
ner, using GFAP as an astrocytic marker and Iba1 as a
microglial marker. A second paradigm was used to ex-
amine the effect of TGF-�1 on cell proliferation. Eight-
week-old TGF-�1 mice and their littermates were intra-
peritoneally injected with one 50-mg/kg dose of BrdU and
sacrificed 2 hours later. BrdU� and Ki67� cells were
quantified in every sixth section as above.
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Quantification of Immunohistochemistry

To quantify doublecortin staining in young adult TGF-�1
mice and their littermates, we used Metamorph imaging
software (version 6.1r1; Universal Imaging Corporation,
Downington, PA). We quantified the percentage of pixels
above background staining within a region drawn around
the dentate granule cell layer and subgranular zone. In
22-month-old mice, doublecortin-positive cells in the
same region were counted in every twelfth coronal sec-
tion through the hippocampus and total numbers esti-
mated by multiplying this number by 12. Only cells with a
clearly visible nucleus were counted, not doublecortin-
positive processes alone. Counts were corrected using
the Abercrombie method for nuclei, as above. Caspase-3
staining was counted in neurogenic regions of the hip-
pocampus (dentate gyrus granule cell layer and sub-
granular zone) in three sets of every twelfth section
through the dentate gyrus obtained from 13-week-old
female TGF-�1 and wild-type mice. Nestin staining was
quantified by counting stained processes that spanned
at least 50% of the dentate granule cell layer in one
coronal section per mouse, matched for level. If pro-
cesses were branched, only the major branch was
counted.

To estimate dentate gyrus granule cell layer volume, we
stained every sixth coronal section through the hippocam-
pus with cresyl violet and then used Metamorph imaging
software to quantify the area on each section. We then
roughly estimated total volume by multiplying these areas
by 6 and 40 �m. Neuronal density was separately estimated
using confocal microscopy. One-�m-thick confocal images
were obtained from NeuN-stained sections from at least five
areas per dentate gyrus granule cell layer per mouse. The
NeuN-positive nuclei in each image were counted, and this
number divided by the area of each image containing gran-
ule cell layer.

Neural Progenitor Cell Cultures

Rat neural progenitor cells were isolated from Fisher 344
adult rats and propagated in culture using standard
monolayer culture methods.8 Cells were transduced with
a retrovirus that encodes for GFP8 and used for these
experiments at propagation doubling numbers of �40 to
50. Primary cultures from C57BL/6J-Act-GFP P0 mice
were also used at passages 5 to 7. Rat neural progenitor
cells were grown in 1:1 Dulbecco’s modified Eagle’s
medium:F12 (Invitrogen, Carlsbad, CA) supplemented
with N2 and 20 ng/ml of fibroblast growth factor-2 (FGF-2;
Peprotech, Rocky Hill, NJ). N2 components were pur-
chased from Sigma and included 30 nmol/L Na selenite,
20 nmol/L progesterone, 30 �g/ml transferrin, 100 �mol/L
putrescine, and 5 �g/ml insulin (all purchased from
Sigma). For various assays, insulin and FGF-2 were al-
tered as described. Primary mouse neural progenitor
cells were grown in Neurobasal A media supplemented
with glutamine, B27 without retinoic acid, penicillin, and
streptomycin (all from Invitrogen). For normal growth,
cells were also supplemented with 20 ng/ml of both epi-
dermal growth factor (EGF) and FGF-2 (Peprotech).

MTT Assays

For MTT assays, 5 � 103 (rat) or 2 � 104 (mouse) cells
were plated in triplicate in 96-well plates and incubated
for 40 hours with varying concentrations of recombinant
TGF-�1 (R&D Systems, Minneapolis, MD). Thiazolyl blue
tetrazolium bromide (methylthiazolyldiphenyl-tetrazolium
bromide, or MTT), 0.5 mg/ml, was added to the media for
the last 2 hours of incubation. Cells were then lysed with
0.08 N HCl in isopropanol, and incubated 2 hours at
37°C. Absorbance at 570 nm was read using an enzyme-
linked immunosorbent assay plate reader (SpectraMax
190; Molecular Devices, Sunnyvale, CA).

Cell Cycle Analysis

Rat neural progenitor cells were plated 5 to 10 � 107 per
10-cm diameter dish and grown 12 to 14 hours in varying
amounts of TGF-�1 (R&D Systems) and FGF-2. Neuro-
spheres were gently washed off the plates, then dis-
persed with Hanks’ balanced salt solution (Invitrogen)
and ethanol-fixed. DNA was labeled with propidium io-
dide (Molecular Probes) and flow cytometry (Facscan or
FACScalibur; Becton Dickinson, Mountain View, CA)
used to gate on single cells and determine their DNA
content. Fluorescence-activated cell sorting results were
analyzed using MOD-Fit version 3.0 for Macintosh (Verity
Software House Increase, Topsham, ME).

Western Blots

Rat neural progenitor cells were plated at 2 � 106 per
10-cm diameter dish and varying concentrations of
TGF-�1 added 16 hours later for an additional 6 hours.
Cells were collected off the plates and incubated 30
minutes on ice in cell lysis buffer, containing 0.5 mol/L
Tris-HCl, pH 8.0, 5 mol/L NaCl, 10% Nonidet P-40, and
protease inhibitor (Roche, Basel, Switzerland). After cen-
trifugation at 10,000 � g, protein concentrations were
measured using the BCA protein assay kit, (Pierce, Rock-
ford, IL) and lysates were separated on a 4 to 12%
Bis-Tris gel in MOPS sodium dodecyl sulfate running
buffer, electroblotted onto nitrocellulose membranes, and
analyzed with rabbit anti-phospho-Smad2 (Ser465/467,
1:1000; Upstate Cell Signaling Solutions, Lake Placid,
NY) and rabbit anti-Smad2 antibodies (1:1000, Cell Sig-
naling Technology). Signal was detected using ECL
Western blotting detection reagents, (Amersham Bio-
sciences, Uppsala, Sweden).

Statistical Analysis

All immunohistochemical experiments were analyzed by
an investigator blinded to genotype or age. Statistical
analysis was performed using Statview 5.0 software for
the MacIntosh. A P value of �0.05 was considered sig-
nificant. Unpaired Student’s t-tests were used to deter-
mine whether the results were significantly different be-
tween mouse groups. Analysis of variance, followed by
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Dunnett’s posthoc test was used to compare means from
two or more groups against a control group.

Results

TGF-�1 Overexpression in Transgenic Mice
Decreases the Total Number of Immature
Hippocampal Neurons

TGF-�1 is an injury-responsive cytokine that often remains
chronically elevated after injury and is increased with
age.32,33 To determine the effect of chronic TGF-�1 we
studied TGF-�1 transgenic mice that secrete constitutively
active TGF-�1 from astrocytes (GFAP-TGF-�1 mice, line
T64).39 Astrocytes are particularly suitable targets for
TGF-�1 expression, because they have been shown to
produce TGF-�1 in vivo under pathological conditions.47,48

We found that 9-week-old TGF-�1 mice had many fewer
doublecortin-labeled cells than wild-type littermates (Figure
1A). Doublecortin is expressed by proliferating neuroblasts
and immature neurons, but not by mature neurons. Quan-
tification of the doublecortin staining in the dentate gyrus
granule cell layer and subgranular zone revealed a 60%
decrease in the area stained in young TGF-�1 mice (Figure
1B). By 22 months of age, we did not find any doublecortin-
positive cells in TGF-�1 transgenic hippocampi, whereas
wild-type littermates still had �500 such cells on average
(Figure 1, A and C). The reduction in doublecortin staining
was accompanied by decreased nestin staining (Figure 1,
D and E). Nestin-immunoreactive processes that radially
span the dentate gyrus granule cell layer are characteristic
of individual neural stem/progenitor cells.49 Such profiles
were reduced by 75% in TGF-�1 mice (Figure 1E). These
data indicate that either the pool of nestin-positive progen-
itors is reduced or that nestin-positive cells exhibit shorter or
less branched processes in mice overexpressing TGF-�1.

TGF-�1 Mice Have a 60% Reduction in
Hippocampal Neurogenesis

To confirm that TGF-�1 overexpression decreased hip-
pocampal neurogenesis, we used BrdU and neuron-spe-
cific markers. Two-month-old mice were sacrificed 1 or 28
days after BrdU administration. Under both conditions, the
overall number of dividing, BrdU-incorporating cells was
60% lower in TGF-�1 mice compared with nontransgenic
controls (Figure 2, A–C). Newly generated immature neu-
rons, measured in the 1-day groups by immunohistochem-
istry for BrdU and doublecortin, were decreased by 65% in
TGF-�1 mice (Figure 2, A and D). Similarly, TGF-�1 mice
had a prominent reduction in hippocampal BrdU-positive
cells expressing the mature neuronal marker NeuN 1 month
after BrdU labeling (Figure 2, B and E).

To determine whether decreased neurogenesis in
TGF-�1 mice resulted from decreased proliferation of
neural progenitor cells or from increased cell death, we
next evaluated markers of apoptosis and proliferation
in dentate granule cell layer cell and subgranular zone.
Instead of an increase in apoptosis in TGF-�1 mice,
stereological evaluation of cleaved caspase-3 immu-
nostaining demonstrated a significant decrease in ap-
optotic cells (Figure 2, F and G). Therefore, increased
apoptosis is not responsible for the decrease in neu-
rogenesis in TGF-�1 mice. Furthermore, TGF-�1 mice
have a decrease in the number of apoptotic cells. We
next wanted to determine whether there was less pro-
liferation in TGF-�1 hippocampus. We measured a sig-
nificant decrease in the proliferation marker Ki67
(1682 � 161 in TGF-�1 mice versus 2331 � 141 in
wild-type mice, n � 4 per group, P � 0.0229, Student’s
t-test). BrdU labeling 2 hours after a single injection of
BrdU in 8-week-old mice also showed a strong trend
toward a reduction in S phase cells in TGF-�1 mice

Figure 1. TGF-�1 overexpression dramatically decreases the number of immature neurons and nestin-positive processes. A: Light microscopy images of coronal brain
sections stained for the immature neuronal marker doublecortin from 9-week-old and 22-month-old female TGF-�1 mice and their wild-type littermates. B: Quantification
of doublecortin immunoreactivity in 9-week-old dentate gyrus, n � 3 mice per genotype. C: Quantification of the total number of hippocampal doublecortin cells in
22-month-old mice, n � 6 per genotype. Each circle represents one mouse. D: Nestin immunohistochemistry on a coronal section from a 9-week-old TGF-�1 mouse.
Arrows indicate a nestin-positive process; the arrowhead, a blood vessel. E: Quantification of the total number of nestin-positive processes per hippocampal section.
n � 5 mice per genotype. Dcx, doublecortin. Bars are mean � SEM. **P � 0.005, ***P � 0.0005; Student’s t-test. Scale bars � 100 �m (A); 10 �m (D).
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compared to wild-type littermates (1347 � 205 versus
1995 � 199, n � 4 mice per group, P � 0.0639,
Student’s t-test). Thus, given the significant decrease
in both Ki-67-positive cells and caspase-3 immuno-
staining, TGF-�1 likely inhibits neurogenesis by de-
creasing neural progenitor cell proliferation rather than
by increasing apoptosis of newborn cells.

Chronic TGF-�1 Does Not Alter the Total
Number of Mature Dentate Gyrus Granule Cell
Neurons in Aged Mice
We next evaluated whether the sharply reduced produc-
tion of new hippocampal neurons in TGF-�1 transgenic
mice results in a decreased number of mature granule

Figure 2. TGF-�1 mice have 60% fewer BrdU-positive cells and BrdU-positive neurons in the hippocampus 1 and 28 days after BrdU administration. TGF-�1
transgenic (n � 5 mice per time point) and nontransgenic littermate controls (n � 5 to 8 mice) were injected at 8 weeks of age with BrdU to label dividing cells
and analyzed 1 day or 28 days later for the presence of BrdU-positive cells and BrdU-positive neurons. Doublecortin was used to label immature neurons, and
NeuN to label mature neurons. A: Quantification of the number of BrdU-positive cells and the number of BrdU-positive cells co-labeling for doublecortin
(BrdU�/Dcx�) 1 day after BrdU administration. Bars are mean � SEM. B: Quantification of total BrdU-positive cells and BrdU-positive mature neurons
(BrdU�/NeuN� cells) 28 days after BrdU. Bars are mean � SEM. C: Example of BrdU-positive cells in the subgranular zone of the dentate gyrus, counterstained
with hematoxylin. D: Confocal image of brain section containing BrdU�/Dcx� cells. BrdU, magenta; Dcx, green; and NeuN, blue. E: Confocal image of brain
section containing BrdU�/NeuN� cells. BrdU, green; NeuN, red; and GFAP, blue. F: Example of a cell in the granule cell layer immunostained with caspase-3,
counterstained with cresyl violet. G: Quantification of the number of caspase-3-positive cells counted in dentate gyrus subgranular zone and granule cell layer
in 13-week-old TGF-�1 mice and their wild-type littermates, n � 5 mice per genotype. H: Relative percentage of surviving neurons calculated as the fraction of
new mature neurons (BrdU�/NeuN�) present at 28 days after BrdU compared with the number of new immature neurons (BrdU�/Dcx�) present 1 day after
BrdU. Bars represent the percent difference between the means in A and B. *P � 0.05, **P � 0.005, ***P � 0.0005; Student’s t-test. Scale bars � 10 �m.
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cell layer neurons with age. We did consistently note an
increased hilar size in TGF-�1 mice as well as irregular-
ities in the thickness of the dorsal blade of the dentate
granule cell layer (Figure 1A). There was no significant
difference in the volume of the granule cell layer in 22-
month-old TGF-�1 mice compared to their wild-type lit-
termates. We estimated a volume of 4.3 � 0.1 mm3 in
TGF-�1 mice compared to 4.1 � 0.1 mm3 in their wild-
type littermates (P � 0.23, unpaired Student’s t-test). We
then quantified the density of NeuN� nuclei in the dentate
gyrus granule cell layer in these mice, again finding no
difference (5.2 � 0.5 versus 5.4 � 0.3 in TGF-�1 and
wild-type mice, P � 0.83, units are nuclei per mm2 �
10�3). Thus, chronic TGF-�1 overproduction does not
significantly decrease the total number of mature dentate
granule cell layer neurons. Interestingly, when we com-
pared the number of BrdU� neurons 28 days after BrdU
to the number 1 day after BrdU in wild-type and TGF-�1
mice, there was no clear difference (Figure 2H). This
argues that TGF-�1 does not increase short-term neuro-
nal survival, meaning between 1 to 7 days to 28 to 34
days after neurons’ birth. Instead, TGF-�1 overexpres-
sion may be prolonging long-term survival of granule cell
layer neurons after they have survived their first month.

TGF-�1 Inhibits Astrogenesis but Not Microglial
Proliferation

BrdU-positive astrocytes were also sharply reduced in
TGF-�1 mice 1 day after BrdU (Figure 3, A and B) but

showed a trend toward more cells than wild-type mice 28
days after BrdU labeling (Figure 3C). Thus, although
TGF-�1 reduced the generation of new astrocytes, a
higher fraction survived relative to wild-type mice (Figure
3D). The number of microglia that were BrdU-positive 1
day after labeling were not different (Figure 3, E and F)
but again there was a strong trend toward more BrdU-
positive microglia in TGF-�1 mice 28 days after labeling
(Figure 3G), implying that TGF-�1 increases the survival
of newly born microglia (Figure 3H) as well as astrocytes.
These results also demonstrate that TGF-�1 reduces the
production of neural progenitor-derived cells (neurons
and astrocytes) equally (Figure 4), but not of myeloid
lineage cells (microglia; Figure 3H). These data are thus
most consistent with TGF-�1 affecting a precursor com-
mon to neurons and astrocytes and/or committed pro-
genitor cells for both lineages.

TGF-�1 Decreases the Number of Proliferating
Neural Progenitor Cells in Vitro

Because TGF-� receptors are widely expressed in the
brain,30 and brain overexpression in transgenic mice
results in astrogliosis, microgliosis, and vascular fibro-
sis,34 TGF-�1 could have been inhibiting neurogenesis
indirectly in TGF-�1 mice. On the other hand, TGF-�1
could be acting directly on neural progenitor cells. We
therefore tested whether TGF-�1 could directly acti-
vate its signaling cascade in neural progenitor cells
isolated from postnatal brains. We used a rat neural

Figure 3. TGF-�1 mice have decreased astrogenesis, normal microgliogenesis, and prolonged glial survival. Coronal brain sections of TGF-�1 transgenic and
nontransgenic littermate controls (n � 5 mice per analysis time point) injected at 8 weeks of age with BrdU to label dividing cells and sacrificed 1 or 28 days later
for the presence of BrdU-positive astrocytes and BrdU-positive microglia. GFAP was used to label astrocytes, and Iba1 to label microglia. Bars are mean � SEM.
A: Confocal image of brain section containing a BrdU�/GFAP� cell. BrdU, red; GFAP, green; and NeuN, blue. B and C: Quantification of the number of
BrdU-positive astrocytes (BrdU�/GFAP�) 1 and 28 days after BrdU in TGF-�1 and their wild-type littermates. D: Percentage of the BrdU�/GFAP� cells that remain
28 days later. E: Confocal image of brain section containing a BrdU�/Iba1� cell. Iba1, blue; NeuN, green; and BrdU, magenta. F and G: Quantification of the
number of BrdU-positive microglia (BrdU�/Iba1�) 1 and 28 days after BrdU in TGF-�1 and their wild-type littermates. H: Percent surviving BrdU�/Iba1� cells
at 28 days. *P � 0.05, Student’s t-test. n.s., not significant. Scale bar � 10 �m.
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precursor cell line isolated from an adult rat that retains
its undifferentiated, neural precursor, phenotype in cul-
ture and can be easily propagated under growth con-
ditions, or differentiated into neurons and astrocytes

under differentiation conditions.7,8 We found that addi-
tion of recombinant TGF-�1 to these neural precursor
cells led to phosphorylation of Smad2, a direct down-
stream mediator of TGF-� signaling (Figure 5A). We
next evaluated whether TGF-�1 inhibited neural pro-
genitor cell proliferation. Rat neural progenitor cells
were grown in varying amounts of the mitogens they
are normally cultured in, insulin and FGF-2, in the
presence or absence of TGF-�1. TGF-�1 reduced MTT
conversion, an indicator of cell number, in a dose-
dependent manner and almost completely antago-
nized the effect of FGF-2 (Figure 5B). To confirm these
results in early passage primary cells, we added vary-
ing amounts of TGF-�1 to primary mouse neural pro-
genitor cell cultures, and obtained similar results (Fig-
ure 5C). To determine whether these decreases in cell
number were caused by apoptosis or decreased
growth, we performed flow cytometry on propidium
iodide-stained rat cells. There was no evidence of ap-
optosis using this method, but TGF-�1 increased the
percentage of neural progenitor cells in G1/G0 by more
than 20% (Figure 5D). Our cell culture data are thus
consistent with what we observed in vivo; TGF-�1 de-

Figure 4. Cell fates of newly generated cells 1 day after BrdU labeling reveal
that excess TGF-�1 does not alter the proportion of cells becoming neurons
versus astrocytes. Microglia were excluded from this analysis because they
are not derived from neural progenitor cells. Note the area of each pie graph
represents the absolute number of new cells; TGF-�1 mice generate only 40%
of the normal number of new cells, but the proportion of cells assuming each
phenotype in TGF-�1 mice is not altered compared to wild-type mice.

Figure 5. TGF-�1 inhibits proliferation and prolongs the cell cycle of neural progenitor cells. Rat (A, B, D) and mouse (C) neural progenitor cells were cultured in varying
amounts of TGF-�1, insulin, FGF-2, and EGF. N2, standard media with N2 supplement. *P � 0.05 compared to no TGF-�1, analysis of variance followed by Dunnett’s
posthoc test. Bars are mean � SEM. Data shown are representative of three to five experiments (rat cells) or two experiments (mouse cells). A: Western blot of lysates
from neural progenitor cells grown in either 0 or 1 ng/ml of TGF-�1 and probed for phosphorylated (Smad2-P) and total (Smad2) Smad2. B: MTT assay of rat neural
progenitor cells grown in varying amounts of TGF-�1, insulin, and FGF-2. The box labeled N2 on the x axis highlights the concentrations of insulin and FGF-2 present
in commercially available N2 neuronal culture supplement. C: MTT assay of mouse neural progenitor cells grown in varying amounts of TGF-�1, EGF, and FGF-2. D:
Cell cycle analysis of propidium iodide-stained cells showing the proportion of cells in G1/G0, S phase, or G2/metaphase.
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creases the number of proliferating cells either by pro-
longing the cell cycle or by causing cell cycle exit and
does not result in significant cell death.

Discussion

Adult neurogenesis is increasingly recognized for having
a role in recovery after injury and in hippocampal learn-
ing.2–5,10–15 TGF-�1 is increased after injury and remains
elevated in chronic, neurodegenerative diseases.34 It
also increases with aging.32,33 We now report that
chronic overproduction of TGF-�1 in mouse brains re-
sults in profound decreases in neurogenesis and astro-
genesis. Despite this drastic effect on new neurons and
astrocytes, both derived from a common neural progen-
itor cell, TGF-�1 did not affect generation of microglial
cells, which are of a different (myeloid) lineage. Impor-
tantly, TGF-�1 also did not decrease the total number of
granule cells in the dentate granule cell layer, most likely
due to a positive effect on long-term neuronal survival.
Our cell culture data demonstrate that TGF-�1 directly
reduces proliferation of neural progenitor cells in vitro by
altering their cell cycles. Our studies suggest that TGF-�1
may be in part responsible for the relative inefficiency of
generating new neurons after injury and with aging.

To our knowledge, our study represents the first time
that the effects of chronically elevated TGF-�1 on adult
neurogenesis have been evaluated. TGF-�1 is a key
regulator of the brain’s injury response. As such, it is
acutely increased after injury and is chronically increased
in the brain in multiple neurodegenerative diseases, in-
cluding Alzheimer’s disease, vascular dementia, and
Parkinson’s disease.34 The primary benefit of increased
TGF-�1 in the brain seems to be its ability to promote
neuronal survival.35 We now show that when it is chroni-
cally increased TGF-�1’s effects on neuronal survival are
opposed by its inhibition of neurogenesis and that it
affects the cell cycle of neural progenitor cells, by pro-
longing G1 and/or increasing cell cycle exit (Figure 5).
TGF-�1 may actually increase neurogenesis acutely after
brain injury50 by causing neural progenitor cells to exit
the cell cycle early, which can cause a burst of neuro-
genesis.51,52 If TGF-�1 remains chronically elevated, it
could then inhibit neurogenesis by the same mechanism:
early cell cycle exit of neural progenitor cells. An addi-
tional alternative explanation is that TGF-�1 may exert
different effects on neurogenesis, such as anti-inflamma-
tory ones, in the presence of extensive cell death. Inter-
estingly, there is a growing body of evidence that neuro-
protection can also be conferred by inhibiting cell cycle
progression or preventing re-entry into the cell cycle.53–56

TGF-�1 has been proposed to use several other molec-
ular mechanisms to confer neuroprotection,30,57–59 and
its effect on the cell cycle may be one more.

We observed a significant reduction in astrogenesis at
1 day after the last day of BrdU dosing in TGF-�1 mice
compared to their wild-type littermates (Figure 3B). De-
spite this decrease, we observed a trend toward more
new astrocytes 4 weeks after BrdU dosing in TGF-�1
mice (Figure 3, C and D), so TGF-�1 may act as a survival

factor for astrocytes. We think that TGF-�1 increases
survival of mature granule cell layer neurons as well. We
did not observe fewer mature dentate granule cell layer
neurons in TGF-�1 mice despite the decrease in neuronal
production. Neuronal survival during the first month of
individual cells’ lifespans was however normal in TGF-�1
mice (Figure 2E), implying that the effect is on longer term
neuronal survival. In wild-type mice, new neurons that are
present 4 weeks after they are generated tend to survive
at least 11 months,60 so it would be difficult using BrdU-
based methodology to directly show that TGF-�1 pro-
longs the lifespan of granule cell neurons. Despite this,
the bulk of the evidence indicates that long-term neuronal
loss and replacement do act in concert to maintain den-
tate granule cell layer size during normal aging.61 Our
hypothesis is also consistent with the large body of liter-
ature on TGF-�1 as a strong neuroprotectant.30,35–38 In-
creases in TGF-�1 during aging and in neurodegenera-
tive conditions may therefore have both detrimental and
beneficial consequences, producing gliosis by prolong-
ing glial survival, and protecting mature neurons at the
expense of generating new ones.

Age-associated decreases in hippocampal neurogen-
esis likely result from changes in a complex regulatory
network that controls neurogenesis, which is influenced by
a number of mitogens and neurotrophic factors that de-
crease with age. Specifically, hippocampal levels of IGF-1,
FGF-2, vascular endothelial growth factor, and brain-de-
rived neurotrophic factor have been shown to fall in the
aging brain and likely contribute to the age-related drop in
neurogenesis.19,20,62 In contrast, few signals that inhibit
neurogenesis during aging have been characterized. Glu-
cocorticoids can decrease neurogenesis63 and have been
proposed to be a reason why neurogenesis decreases with
age.64 However, their major role is probably in stress-in-
duced decreases in neurogenesis because lifelong reduc-
tion of glucocorticoid levels does not enhance hippocampal
neurogenesis.65 The TGF-� family member GDF11 nega-
tively regulates olfactory neuronal precursor proliferation,28

but whether it plays a role in either hippocampal neurogen-
esis or changes with age is not known. In addition, radiation
and inflammation have been shown to reduce neurogen-
esis.7–9 We previously reported that endotoxin-induced in-
flammation decreases adult neurogenesis in rats at least in
part by inducing interleukin-6.8 Interestingly, interleukin-6
did not reduce gliogenesis in vitro, implying that it may
influence precursor commitment and/or amplification within
the neuronal lineage. In contrast, TGF-�1 strikingly de-
creases the production of new hippocampal astrocytes as
well as neurons, which is consistent with what occurs in
normal aging,66 and may act in addition to interleukin-6 in
the irradiated brain. As TGF-�1 mRNA increases with
age32,33 it may be an important inhibitory influence on neu-
rogenesis during aging as well as in neuroinflammation.

We demonstrate that TGF-�1 can activate its signaling
cascade in neural progenitor cells and directly decrease
their proliferation (Figure 5). Thus, although TGF-�1 is
known to affect many cell types in the brain, we found that
its effect on neurogenesis can be explained by a direct
effect on neural progenitor cells themselves. This does not
preclude an additional indirect effect, but in our mouse

TGF-�1 Inhibits Hippocampal Neurogenesis 161
AJP July 2006, Vol. 169, No. 1



model TGF-�1’s expression was under GFAP promoter reg-
ulation, so it was most likely secreted from GFAP-positive
neural progenitor cells67 in the neurogenic niche as well as
by traditional, nonprogenitor astrocytes. This location is
physiologically relevant because neural progenitor cells
cultured from human, mouse, and rat are all known to syn-
thesize TGF-�1 mRNA.68 TGF-� and its family members
have also been shown to inhibit proliferation in embryonic
neural cell development.26 For example, TGF-�1 blocks
proliferation in neural crest stem cells, allowing differentia-
tion.27,69 In embryonic slice cultures, exogenous TGF-�1
increases cell cycle exit and the cell cycle inhibitor p21.29

TGF-� is also necessary for development and survival of
dopaminergic neurons.70 The TGF-�-family member
GDF11 is critical for the development of olfactory receptor
neurons in the olfactory epithelium,71,72 inhibiting prolifera-
tion of intermediate neuronal precursors by increasing ex-
pression of the cell cycle inhibitor p27.28 Interestingly, al-
though TGF-�s can inhibit proliferation, they are likely to
play overlapping roles and/or be only one of several signals
that terminate proliferation and or induce differentiation.
Mice with a targeted deletion of the intracellular TGF-�
signaling component, Smad4, in nestin-positive cells and
their progeny have only mild deficits, displaying a decrease
in cerebellar granule cell neurogenesis73 and TGF-�1
knockout mice have grossly normal brain structures despite
decreased neuronal survival.35

Our data show that TGF-�1 can dramatically decrease
adult neurogenesis in mice. It is possible that increased
production of TGF-�1 may be responsible, at least in
part, for a reduction or inefficiency in generating new
neurons and astrocytes in the aged brain or after injury.
TGF-�1 increases after brain injury34 and may serve
mainly to protect mature neurons from death, but as our
studies show here, it can also inhibit the formation of new
neurons and astrocytes. Although injury stimulates neu-
rogenesis in young animals, new neurons are produced
only rarely outside of typical proliferative regions and
neurogenesis after injury is not sufficient to replace in-
jured brain.74,75 Neurogenesis after injury is markedly
impaired in aged animals, especially in the hippocam-
pus.17,18 In fact, impaired proliferation, survival, and dif-
ferentiation of transplanted stem and neural precursor
cells in the aged brain represents a significant barrier to
using these types of therapies in older patients.76 Several
groups have increased neurogenesis or survival of trans-
planted cells in old animals by adding back growth fac-
tors,77–79 but still have not been successful in restoring
hippocampal neurogenesis to youthful levels. Because
TGF-�1 increases during aging and after injury, strate-
gies that reduce TGF-�1 to youthful levels may potentially
improve these results. In particular, targeted strategies
that inhibit TGF-�1’s actions on neural progenitor cells
while preserving its neuroprotective functions may help to
increase neurogenesis and improve brain function.
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