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Voluntary wheel running of mice in pregnancy and lactation led to
a twofold increase in hippocampal precursor-cell proliferation and
in the number of Prox1-expressing lineage-determined cells at
postnatal day 8 (P8). At P36, the number of newly generated
granule cells approximately doubled, resulting in a 40% higher
total number of granule cells in pups from running dams as
compared with controls. Cell proliferation at embryonic day 15
(E15), in contrast, was decreased in the progeny of exercising mice,
and the birth weight was reduced. At P49, body weight had
normalized, and hippocampal neurogenesis was not different
between the two groups. mRNA for FGF2 was expressed at higher
levels at E15 and P8 in runner pups, whereas VEGF was increased
only at E15. Insulin-like growth factor did not show differences
at any time point. At P36, no differences for any of the factors
were found. Our data indicate that maternal behavior and physi-
cal activity affects infantile growth-factor expression and can
transiently stimulate postnatal hippocampal development in the
offspring.

exercise � hippocampus � mice

H ippocampal neurogenesis in mice continues throughout life,
albeit at a low rate (1–3), and, even in 57- to 72-year-old

humans, hippocampal neurogenesis has been found (4). The
functional relevance of adult hippocampal neurogenesis is still
unclear, but regulation of neuronal development in the adult
hippocampus is influenced by stimuli that can be associated with
hippocampal function (5–7). The generalizability of such find-
ings, however, is not undisputed (8). Nevertheless, hypotheses
have been proposed that link the generation of new neurons in
the dentate gyrus with specific hippocampal tasks in the context
of learning and memory (9, 10). Voluntary physical activity
increased adult hippocampal neurogenesis in mice by exerting a
dual effect on both the proliferation of precursor cells in the
dentate gyrus and the recruitment of the newly generated cells
into neuronal differentiation (11). The proproliferative effect
primarily affected the population of transiently amplifying pro-
genitor cells in the dentate gyrus (12). It is not clear how this
effect is mediated, but several growth factors, hormones, and
neurotransmitter systems have been discussed in this context
(13–15).

Adult hippocampal neurogenesis is not a simple continuation
of embryonic and early postnatal neurogenesis (16). Adult
neurogenesis originates from a distinct precursor-cell population
in the subgranular zone of the dentate gyrus, the tertiary
germinative matrix, and shows a complex pattern of regulatory
interdependencies. We are particularly interested in the regu-
lation of neurogenesis that can be linked to physiological be-
havior such as physical and cognitive activity. Both types of
activity, which are very dominant in adulthood, must play a
quantitatively and qualitatively different role during embryonic
and fetal neurogenesis, because in utero the individual is not yet
capable of extensive independent activity. Consequently, rela-
tively little is known about the activity-dependent regulation of
embryonic and early postnatal hippocampal neurogenesis and its
relationship to adult neurogenesis. In general, however, ‘‘activ-

ity’’ in a rather broad sense is considered to be beneficial for the
brain and is, for example, associated with a reduced risk of
neurodegenerative disorders in humans (17, 18). This finding has
not yet been extended to early stages of brain development. We
thus became interested in the effects of physical activity on the
development of the hippocampus as one brain structure that
showed suggestive activity-dependent cellular plasticity during
aging (19). We designed the present experiment to investigate
whether the effects of voluntary physical activity would be
transmissible from exercising pregnant and lactating mice to
their offspring.

Results
We gave pregnant mice unlimited voluntary access to a running
wheel (Fig. 1A), beginning on embryonic day 1 (E1)�E2. Preg-
nant control mice lived in standard cages. Running activity was
highest in early pregnancy and decreased to low levels postna-
tally. Dividing cells were labeled with proliferation marker
BrdU. To assess cell proliferation in the developing dentate
gyrus, six offspring from running (RUN) mice and eight off-
spring from control (CTR) mice received one single i.p. injection
of BrdU (50 �g�kg of body weight) at postnatal day 7 (P7), and
their brains were examined at P8 to assess cell proliferation in the
dentate gyrus. Five RUN and six CTR pups were given one daily
injection of BrdU over 3 days between P7 and P9 and were
perfused at P36 to examine the surviving cells from early
postnatal precursor-cell activity that differentiated into neurons.

Exercise during pregnancy leads to a reduced birth weight in
the offspring and a hypotrophic intrauterine development (20).
At P7, RUN pups were significantly lighter than CTR (Fig. 1B;
F1,12 � 135.12, P � 0.0001). The reduced birth weight normalized
in the following weeks and was equal to CTR at P49. Maternal
body weight at E15 was 34.0 � 0 g in RUN (all numbers are
mean � SEM) and 38.7 � 0.7 g in CTR, a nonsignificant
difference (P � 0.73; after correction for litter size, P � 0.10).
Given the fact that voluntary wheel running led to reduced body
weight in previous studies (11), it is plausible that running mice
in pregnancy do the same, even if it did not become obvious in
this study.

To examine how maternal exercise might influence intrauter-
ine neurogenesis, pregnant mice were injected with BrdU on
E15. The brains of the embryos were examined on E16. In the
area of the developing hippocampus and the entire adjacent
ventricular zone, BrdU-labeled cells were quantified. There was
a significant decrease in cell proliferation in RUN (Figs. 1C and
2 E and F; F1,12 � 11.39; P � 0.01). It was not possible to separate
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counts from the ventricular and subventricular zones (SVZ)
from the hippocampal anlage.

At P8, proliferating cells were dispersed over the granule-cell
layer of the dentate gyrus (Fig. 2 A and B). RUN had 71% more
BrdU-labeled cells than CTR (Fig. 1D), indicating an increased
proliferative activity (F1,12 � 9.28; P � 0.01). This effect might
be specific to the hippocampus, because no obvious difference
was found in the SVZ, another brain area with adult neurogen-
esis (Fig. 2 G and H). In the adult, physical activity increases
neurogenesis in the hippocampus but not in the SVZ and
olfactory bulb (21).

In the hippocampus, transcription factor Prox1 is specific for
granule cells (22) and is expressed early in the course of
granule-cell development. One day after the incorporation of
BrdU, in RUN, 39.23 � 1.78% and, in CTR, 35.73 � 3.65% of

the BrdU-labeled cells expressed Prox1 (F1,10 � 0.74; P � 0.41),
relating to a significant increase in absolute numbers of BrdUrd-
labeled Prox1-expressing cells (F1,10 � 6.04; P � 0.03; Figs. 1E
and 3A).

There were 6,157 � 1,367 new S100�-positive astrocytes in the
RUN, as compared with 2,050 � 485 in CTR at age P8 (Fig. 1F;
F1,9 � 9.31; P � 0.01). In contrast, in RUN, there were 10,217 �
3,039 new, GFAP-labeled cells compared with 5,159 � 1,525
cells in CTR (Fig. 1F; F1,10 � 13.27; P � 0.01).

Over the following 4 weeks, new neurons generated from cell
divisions at P7 to P9 developed into mature neurons, as assessed
by immunoreactivity for NeuN, and were examined at P36. In
RUN, 115% of the number of BrdU-labeled cells present in CTR
were present at 4 weeks after BrdU (Fig. 1G). Of these cells, 81 �
7.3% were NeuN-positive in RUN and 68.33 � 4.9% in CTR,

Fig. 1. Running in pregnancy has multiple transient effects on the offspring. (A) Average running activity of mice during pregnancy. The average distance (in
meters) decreased from 2,500 m�day during early pregnancy to �1,000 m after E10 and very low levels postpartum. (Inset) A pregnant running mouse. (B)
Running during pregnancy led to a significant decrease in birth weight of the pups (in grams), measured at P7. In the course of the following weeks, the difference
in body weights between CTR and RUN normalized and was absent at P49. (C) At E15, cell proliferation in the hippocampal anlage and the adjacent ventricular
and SVZ (see Fig. 2 E and F) was reduced in RUN. (D) Proliferating cells, labeled at P7 with BrdU and examined at P8, increased by 71% in RUN as compared with
CTR. (E) Transcription factor Prox1, which is specific to granule cells in the dentate gyrus, was used to further identify lineage-determination in newly generated
cells. A significant increase was detected in RUN as compared with CTR. (F) Two different astrocytic markers, glial fibrillary acidic protein (GFAP) and S100�,
showed a significant increase in the number of new, BrdU-labeled astrocytes at P8. The greater number of GFAP-positive cells is due to the fact that the putative
stem cells of the adult dentate gyrus are GFAP-positive but S100�-negative. (G) At P49, 4 weeks after BrdU injection, the survival of newly generated cells was
analyzed. There was a significant increase in BrdU-labeled cells in RUN compared with CTR. (H) Phenotypic analysis (see Fig. 3) of the BrdU-positive cells at P36
revealed an increase by 51% in the number of new neurons (BrdU�NeuN-double-positive) in RUN as compared with CTR. (I) In contrast, the number of newly
generated astrocytes at P36 did not reach significance. (J) In animals injected with BrdU at P21, when postnatal hippocampal neurogenesis has largely ceased
and the young mice have been weaned from their mother, the same number of surviving BrdU-labeled cells was detectable at P49, suggesting that neurogenesis
had returned to control levels in RUN. (K and L) At P49, the number of BrdU�NeuN and BrdU�S100� double-positive cells that had originated from cell
proliferation at P21 was not significantly different between RUN and CTR. (M) At P36, the stereologically determined total number of granule cells was
significantly greater in RUN than in CTR. (N) The amount of mRNA as a measure of gene expression for three candidate mediators of activity-dependent effects
on hippocampal neurogenesis was assessed by quantitative RT-PCR. At P8, FGF2, but not IGF1 and VEGF, was significantly increased in RUN. At E15, FGF2 and
VEGF were increased; at P36, no significant differences in growth factor mRNA were detected. *, P � 0.05; **, P � 0.01; ***, P � 0.001; n�s, not significant
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relating to a 151% increase in BrdU-positive�NeuN-positive
cells in RUN as compared with CTR. In absolute terms, there
were 79,896 � 7,529 new, NeuN-positive cells in RUN compared
with 31,807 � 4,619 in CTR (Fig. 1H; F1,9 � 32.00; P � 0.001).
There were 2,781 � 955 new, S100�-labeled astrocytes in CTR
as compared with 5,459 � 1,547 in RUN; this apparent differ-
ence was not significant (Fig. 1I; P � 0.16).

We repeated this part of the study in an additional indepen-
dent second series with 11 RUN2 and 5 CTR2. In the second
series, the number of new neurons (BrdU-positive and NeuN-
positive) at P36 was 50,027 � 5,154 in RUN2 (n � 5) compared
with 31,951 � 5,450 in CTR2 (n � 5) (F1,8 � 5.81; P � 0.04).

In the first set of animals, we studied the effects on hippocam-
pal neurogenesis in the offspring after direct contact with the

mother had been terminated at P21. BrdU was injected at P21
to P23. At P49, 4 weeks after BrdU, there was no significant
difference in hippocampal neurogenesis between CTR and RUN
(Fig. 1 J–L). This finding applied to both the number of surviving
BrdU-positive cells (F1,17 � 1.34; P � 0.26) and to the number
of new neurons (BrdU�NeuN; F1,17 � 1.55; P � 0.23). This result
suggests that, after direct contact with the mothers ceased,
hippocampal neurogenesis returned to control levels. This find-
ing relates to our previous report that environmental enrichment
between P6 and P21 also had no lasting effects on adult
hippocampal neurogenesis (23).

At P36, we also determined the total number of granule cells
by stereological methods (optical fractionator). The total num-
ber of granule cells was 504,480 � 53,760 in RUN as compared
with 353,600 � 13,280 in CTR (Fig. 1M; F1,9 � 8.85; P � 0.02).
Thus, increased hippocampal neurogenesis in pups from running
mothers resulted in an absolute increase in the total number of
granule cells at P36.

Among the growth factors that have been discussed as key
mediators of activity-dependent effects on hippocampal neurogen-
esis, experimental evidence exists for insulin-like growth factor
(IGF)-1, VEGF, or FGF2 (13, 14, 24). We thus measured mRNA
expression for these three factors in brain homogenate of CTR and
RUN pups (Fig. 1N). At E15, we found an up-regulation of FGF2
(Z � �2.31; P � 0.02) and VEGF (Z � �2.31, P � 0.02) in RUN
but not of IGF; Z � � 0.29; P � 0.77). At P8, we saw a significant
up-regulation of FGF2 (Z � �2.02; P � 0.04) but not of the other

Fig. 2. Proliferating cells in the dentate gyrus of RUN and CTR pups at P8 and
P36. The representative micrographs show an anti-BrdU staining in the gran-
ule-cell layer of the dentate gyrus. (Scale bar, 250 �m.) (A and B) At P8,
proliferating BrdU-labeled cells were dispersed over the granule-cell layer in
RUN (n � 6) and CTR (n � 8). RUN had 71% more BrdU-labeled cells than CTR
(P � 0.01). (C and D) At P36, most of the BrdU-labeled cells were detected in
the characteristic cell band of the granule-cell layer. Also, at this time point,
the total number of granule cells of RUN (n � 5) was 140% of CTR (n � 6), P �
0.001. (E and F) At E15, in RUN, a reduced number of proliferating (i.e.,
BrdU-labeled) cells in the hippocampal anlage and the adjacent ventricular
and SVZ was found. This difference is not obvious in the photomicrograph but
was statistically significant upon quantification (see Fig. 1C). (G and H) At P8,
no obvious difference (as in the hippocampus, see A and B) in the number of
BrdU-labeled cells was found in the SVZ. However, the experiment was not
designed to study the SVZ quantitatively, and no strong conclusions should be
drawn from the impression gained from these images.

Fig. 3. Confocal microscopic and DNA stain bisbenzemide analysis of granule
cells and astrocytes in the dentate gyrus (DG) of pups from running mothers
(RUN). Within each panel, the antigens investigated are listed in the order red,
blue, and green. (A) Distribution of granule cells in the dentate gyrus at P8 was
identified by their expression of the neuronal transcription factor Prox1.
Newly generated granule cells were identified by immunoreactivity for pro-
liferation marker BrdU (red) and Prox1 (blue). One day after BrdU application,
the number of Prox1-expressing newly generated granule cells increased
significantly in RUN compared with CTR. (B and C) At P36, survival of newly
generated cells was quantified by their incorporation of BrdU (red). Neurons
and astrocytes were characterized by their expression of NeuN (blue) or S100�

(green). The survival rate of new neurons and astrocytes was significantly
increased in RUN compared with controls. (D) Total granule-cell numbers were
determined by using stereology (optical fractionator) based on DNA stain
bisbenzemide (Hoechst 33258; see inset for higher magnification). Increased
neurogenesis in the DG in RUN resulted in an absolute increase in the total
number of granule cells at P36. [Scale bar in D for all panels; 100 �m (A and B),
30 �m (C), and 200 �m (D).]
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two factors (VEGF: Z � �0.58, P � 0.56; IGF: Z � 0.00, P � 0.99).
At P36, we detected no significant differences in mRNA expression
(VEGF: Z � �1.73, P � 0.08; FGF2: Z � �1.73, P � 0.08; IGF:
Z � �0.86, P � 0.39).

Discussion
In this study, we show that maternal voluntary physical activity
during pregnancy and lactation has profound effects on intrauterine
and postnatal development of the hippocampal dentate gyrus. An
exercise-induced decrease in cell genesis was followed by a post-
natal increase in neurogenesis, leading to a 40% net increase in the
total number of granule cells. The postnatal induction of hippocam-
pal neurogenesis occurred at a time when the actual maternal
physical activity was relatively low. Our result could thus be
interpreted as enhanced neurogenesis after slowed development
in utero. Such delayed effect on hippocampal plasticity is conceiv-
able in the light of many reports demonstrating long-lasting effects
of maternal behavior on brain development, some of which resulted
in measurable cognitive differences in old age (25, 26).

Neurogenesis after weaning showed similar normal levels in
both experimental groups. In earlier experiments studying the
effects of environmental enrichment on adult neurogenesis, we
had found that, besides an acute effect on the progeny of dividing
neural precursor cells, living in a challenging environment might
also have a trophic effect on the population of precursor cells
itself (19, 27). It is thus possible that the early postnatal
manipulation might have more long-lasting effects on neuro-
genesis than became obvious in this study. Future experiments
will have to test whether maternal activity, indeed, leads to a
higher number of local precursor cells, as the increase in
GFAP-positive, S100�-negative cells, and BrdU-labeled cells
expressing Prox1 seems to suggest (28). In any case, there was a
net effect on the total number of granule cells. The estimated
granule-cell number in CTR of our present study is in the range
of published data (29, 30), but neither the methods nor the age
investigated match exactly. However, Amrein et al. (31) obtained
the total granule-cell count in a hybrid cross of four commonly
used laboratory strains (including C57BL�6) and, with �0.5
million granule cells, found a number that was closer to the
number in wild mouse strains than in normal laboratory strains.
It is tempting to speculate that the natural behavior of increased
maternal physical activity as compared with the rather sedentary
life in standard laboratory cages brought back granule cell
numbers into a more normal range, but this remains to be shown
positively.

Our data show that effects of physical activity on neurogenesis
can be passed from the mother to their progeny. However, the
effect did not consist of a straight transfer across the placental
or mammary barrier. Rather, the effect in the pups differed
considerably from the effects of voluntary physical activity on
adult hippocampal neurogenesis. The effect was biphasic: A
decrease in neurogenesis was followed by an even stronger, but
transient, increase. This consequence was not necessarily due to
the transplacental action of one circulating factor or a combi-
nation of several circulating factors, such as IGF1, VEGF, or
FGF2 (13, 14, 24), which have been reported to show rather
acute effects, consistent with the acute stimulation of cell
proliferation by running. The temporal course was also distinct
from the finding of a pregnancy-induced increase in maternal
hippocampal neurogenesis, which was found to be mediated by
prolactin (15). All of these mechanisms might be relevant, but
the temporal pattern in our present study suggests contributions
of additional factors.

On the basis of mRNA expression in the brain, we found that,
at P8, FGF2, but not IGF1 and VEGF, was significantly up-
regulated in RUN compared with CTR, which is in line with
reports that FGF2 is necessary for the postnatal development of
the dentate gyrus (32). At E15, both FGF2 and VEGF mRNA

were up-regulated, which was in contrast to the observed de-
crease in cell proliferation. Consistent with our other results, we
did not detect differences in growth-factor expression at P36.
The finding that FGF2 expression correlated with cell prolifer-
ation at P8 but not at E15 fits with the hypothesis of DiCicco-
Bloom and colleagues (32) that FGF2 ‘‘plays a developmental
stage-specific role in regulating neurogenesis during the perina-
tal period of hippocampal development.’’ The dissociation of
mRNA expression and cell genesis at E15 deserves further
investigation.

In this context, it would be interesting to know whether there
is a quantitative correlation between the amount of running
activity and the size of the effects on hippocampal neurogenesis.
Such a study, however, would require a very high N to achieve
the necessary statistical power. This question was, thus, not
within the scope of the present investigation.

The availability of a running wheel might have changed
maternal behavior in more than one way and beyond the mere
increase in running activity. The strongest effect on neurogenesis
was found at a time when actual running activity of the mothers
was low. But other maternal behaviors, e.g., licking and groom-
ing, which might have strong and lasting effects on brain
development, behavior, and on the hippocampus (33, 34), were
not assessed in our study. It was not within the scope of our study
to separate the direct from indirect effects. However, our data
at E16 indicate that the effect cannot be due only to altered
maternal behavior toward their pups, because this becomes
effective only postnatally. We propose, rather, that the transient
increase in postnatal neurogenesis is a rebound phenomenon
after mildly hypotrophic intrauterine development.

Delayed effects of pre- or perinatal manipulations on hip-
pocampal neurogenesis have been reported in other contexts as
well. Kainic-acid-induced seizures, for example, which robustly
induce adult hippocampal neurogenesis in adults (35, 36), caused
an initial depression of early postnatal hippocampal cell prolif-
eration, followed by an overshooting increase later (37). A
similar pattern was found for prenatal protein malnutrition (38)
and for and global neonatal asphyxia (39). In none of these
studies was the total number of granule cells determined, so that
the net effects are not known. Our experimental paradigm
differs from these situations, in that we studied the consequences
of a physiological behavior. Under feral conditions, maternal
physical activity is to be expected. Nevertheless, running activity
during pregnancy and lactation might have exerted stress on the
pups in utero. However, strong prenatal stress had long-lasting
negative effects on hippocampal neurogenesis (40, 41), and no
rebound in neurogenesis has been reported so far. In any case,
the role of stress (and stress hormones) on the regulation of
hippocampal neurogenesis is complex and far from understood
(3, 42–44). An association of suppressed hippocampal neuro-
genesis with increased glucocorticoid levels after early postnatal
seizures has been proposed (45). Forced physical activity in
adulthood, however, still had an up-regulating effect on hip-
pocampal neurogenesis (46), and physical activity is generally
associated with increased corticosterone levels (47). Conse-
quently, the specific role of glucocorticoids in neurogenic effects
such as those described here remains to be elucidated. In
addition, it will be interesting to study neurogenesis in pups from
mothers habituated to increased physical activity and in an
experimental design in which progeny of exercising mothers is
fostered by sedentary dams and vice versa.

The activity-induced differences in morphology of the hip-
pocampus that we found might be suggestive of cognitive
correlates, although, in the context of neurogenesis, ‘‘more’’ is
not necessarily ‘‘better.’’ The total granule-cell number is a poor
predictor of hippocampal performance (48) and so is the rate of
adult neurogenesis (49, 50). However, the amount of adult
hippocampal neurogenesis explains part of the variance in the
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performance during the acquisition of a hippocampus-
dependent learning task (48, 51).

From our findings in rodents, one must not extrapolate to the
situation in humans. Most studies on physical activity during
human pregnancy were concerned with the potential maternal
benefits or risks (52, 53). However, one study suggested that
children from exercising mothers did better on standardized
intelligence tests at the age of five (54, 55). Our data encourage
further investigations in this direction, but, at present, functional
benefits are not proven. Because many aspects of fetal brain
development are influenced by maternal behavior, an influence
is conceivable on the maturation of the hippocampal precursor-
cell populations and, thus, on the potential contribution of these
cells to hippocampal function (9, 56, 57). With this study, we
intended to describe a biological principle. We neither suggest a
simple extrapolation to the human situation nor give concrete
advice to pregnant women.

Methods
Animals and Housing Conditions. Three sets of female C57BL�6 mice
(n � 16 each) were mated with C57BL�6 males. The morphological
results of this study are based on set 1. Set 2 was used to confirm
the core finding. Set 3 was used for mRNA expression analysis. The
three experiments were independent and done consecutively. After
mating, the females were randomly assigned to the experimental
groups and individually housed in standard laboratory cages (CTR)
or the identical cages equipped with an electronically monitored
running wheel (RUN). In RUN conditions, the running wheel was
available beginning on E1�E2. In RUN, three, two, and two mice
developed pregnancies, with a total of 18, 14, and 20 progeny,
respectively. In CTR, three, two, and two mice developed a
pregnancy, with a total of 18, 6, and 17 progeny, respectively. Litter
size was 7–10 in all cases. Proliferating cells were labeled at P7 with
a single injection of BrdU; 50 �g�g of body weight in 0.9% sterile
saline, 10 �g�ml; Sigma) to assess cell proliferation (examination at
P8) or three single injections of BrdU, P7–P9, with examination of
cell survival and differentiation at P36.

To investigate the effects of maternal running on intrauterine
development, additional pregnant mice were injected with BrdU
at E15, and 8 exercising and 30 control pups were examined at
E16. For measuring hippocampal neurogenesis after weaning,
when direct contact with the mother had been terminated, 14
RUN pups and 5 CTR pups were injected with BrdU on P21 and
examined 4 weeks later (P49).

All animals received water and food ad libitum. All applicable
regulations of animal welfare were followed.

Immunohistochemistry. At E16 and P8, brains were fixed in 4%
paraformaldehyde by immersion and, at P36 and P49, by per-
fusion. All immunohistochemical analyses were performed as
described in ref. 58. BrdU was visualized with a monoclonal
rat-anti-BrdU antibody (Biozol) at 1:500 after pretreatment of
the tissue with 1 N hydrochloric acid for 15 min at 37°C, followed
by 5 min in borate buffer. The numbers of BrdU-positive cells
were determined in light-microscopic specimens, visualized with
the peroxidase method (Vectastain ABC Elite; Vector Labora-
tories). Phenotypes were analyzed in triple-stained immunoflu-
orescent labelings and confocal microscopic analysis. Analyses at

E16 were done on mounted and postfixed cryosections of 15-�m
thickness. All other studies were done on free-floating 40-�m
sections as described in ref. 58. The antibody against Prox1 was
used at 1:5,000 (Chemicon).

Stereology. To determine the number of BrdU-labeled cells in
the dentate gyrus and the total granule-cell count, the optical-
fractionator method was used as implemented in the semiauto-
matic stereology system STEREOINVESTIGATOR 5.4.3 (Micro-
BrightField, Magdeburg, Germany). Actual section thickness
was measured, and appropriate guard zones at the top and the
bottom of the section were defined to avoid oversampling.
Measurements were made in a systematic series of 8–10 coronal
sections, 240 �m apart, with a random starting point and
spanning the entire dentate gyrus in its rostrocaudal extension.
Total granule-cell numbers were determined in sections treated
with DNA-stain bisbenzemide (Hoechst 33258; Sigma; 50 ng�ml
Tris-buffered saline for 15 min). All analyses were done blinded
regarding the experimental groups. The procedure followed the
directions given by the software. The size of the counting frame
was 15 � 15 �m, the thickness of the tissue averaged 20 �m, the
height of the disector cube was 10 �m, and the area associated
with each x–y movement was 10,000 �m2.

Quantitative RT-PCR. Quantitative RT-PCR was done as described
by Morsczeck et al. (59). Four female animals each from sets 1 (P8)
and 3 (E15 and P36) were randomly chosen for this experiment.
RNA extraction from one brain hemisphere was performed with
QIAzol lysis reagent and RNeasy lipid tissue mini kit (Qiagen)
according to the manufacturer’s instructions. For each RNA sam-
ple (1 �g��l), three independent RT reactions were performed by
using the dNTPs-mix, oligo(dT)12–18 primer and SuperScript II
RNase H� reverse transcriptase (Invitrogen), followed by incuba-
tion with RNase H (Invitrogen) for 20 min at 37°C. cDNA from
each RT batch was adjusted to equal amounts.

For the three molecules of interest, FGF-2, IGF-1, and VEGF,
we generated an external standard by using a PCR product of
�500 bp, which included the target fragment. Primers were
generated with PRIMER3 software (60) (see Table 1, which is
published as supporting information on the PNAS web site). To
generate standards from whole cDNA, we performed a PCR
(High-fidelity Super Mix; Invitrogen) and ran the product on a
1.5% agarose gel. From fragments of �500 bp, we eluted the
cDNA (E.Z.N.A. gel extraction kit; Peqlab Biotechnologie,
Erlangen, Germany), measured the concentration, and per-
formed a quantitative PCR run with different dilutions of the
standard cDNA and the inner primer pair on an Opticon II
thermal cycler (MJ Research). We used SYBR green (Quanti-
tect SYBR green PCR kit; Qiagen). A melting-curve analysis
verified the specificity of the reaction. The PCR protocol was 3
min at 95°C, 30 s at 94°C, 30 s at 60°C, and 30 s at 72°C for 40
cycles of steps 2–4, followed by a melting curve (55–90°C).

From each RNA sample, three RT reactions were performed,
in which all three molecules were measured by quantitative PCR.
Means from the replicates were used for further statistical
analysis by a Mann–Whitney U test.
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