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Abstract
Background: Environmental enrichment (EE) is known to enhance BDNF levels and neurogenesis
in the adult hippocampus. To examine the role of BDNF in modulating EE-mediated adult
hippocampal neurogenesis, we conditionally ablated BDNF expression in the hippocampus (cKO
mice) and have assessed proliferation, survival, differentiation and dendritic development of
hippocampal progenitors.

Results: We show that while the extent of cell proliferation and neuronal fate differentiation in
the hippocampus of cKO mice is not different from wild-type (WT) littermates maintained in either
standard or enriched conditions, reduced BDNF levels significantly impaired the survival of
newborn cells in both housing conditions. In addition, while highly active enriched WT mice
exhibited a robust increase in progenitor cell proliferation, highly active cKO mice showed a
modest increase in cell proliferation compared to standard housed or underactive cKO mice.

Conclusions: There results argue that while BDNF plays a role in exercise-induced cell
proliferation, other factors must contribute to this phenomenon. We also show that dendritic
development was impaired in cKO mice maintained in standard housing conditions, and that EE
rescued this phenotype.

Background
Neurons are continuously added to the hippocampal den-
tate gyrus (DG) throughout life. Studies have correlated
increased neurogenesis in the DG with improved per-
formance on hippocampal learning tasks [1], suggesting
that adult-generated neurons can positively impact adult
hippocampal function. Adult hippocampal neurogenesis
is a dynamic process that is regulated both positively and

negatively, by a variety of growth factors and environmen-
tal experiences [2].

Brain-derived neurotrophic factor (BDNF) is highly
expressed in hippocampus [3], but the functional role of
this neurotrophin in the adult hippocampus, and specifi-
cally with respect to the proliferation and survival of neu-
ral precursor cells (NPCs) in the subgranular cell layer
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(SGL) of the DG, is controversial. For example, studies
have shown that heterozygous BDNF knockout (BDNF+/-
) mice exhibit reduced [4] or enhanced cell proliferation
[5] in the DG. Similarly, basal levels of cell survival were
shown to be impaired in two studies [4,5], but not in
another [6]. However, the interpretation of these latter
series of studies is confounded by the fact that BDNF+/-
mice exhibit a multiplicity of growth, metabolic, neuronal
maturation and behavioral abnormalities [7-10] and it is
very plausible that these phenotypes could have a signifi-
cant influence on adult neurogenesis.

It is now clear that exposure of adult rodents to environ-
mental enrichment (EE) and exercise induces neurogene-
sis in the DG [11,12] and is correlated with an elevation
in hippocampal BDNF levels [13,14]. To examine the
influence of BDNF on maintaining basal levels of neuro-
genesis and/or EE-mediated neurogenesis, we examined
mice in which BDNF expression was conditionally elimi-
nated in mature neurons of the adult hippocampus
(cKO). We found that in both standard housing and EE
conditions, the proliferation and neuronal differentiation
of hippocampal NPCs in cKO mice and wild-type (WT)
littermates were indistinguishable. On the other hand, the
survival of the NPCs was significantly impaired in cKO
mice that were housed in either condition. Notably, while
running wheel exercise clearly mediated enhanced NPC
proliferation in WT mice, exercise-mediated NPC prolifer-
ation in cKO mice was elevated, but only to a moderate

level. Furthermore, while dendritic development was
altered in cKO mice housed in standard conditions, these
impairments were rescued by EE. Thus, we conclude that
BDNF plays a critical role in regulating the survival and
dendritic development of NPCs in the adult hippocam-
pus. More importantly, exercise-induced NPC prolifera-
tion is only modestly impacted by expression of BDNF,
findings which would suggest that additional factors play
a role in this process.

Results
Analysis of BDNF levels in hippocampus of WT and cKO 
mice
We previously demonstrated that conditional ablation of
floxed PSEN1, encoding presenilin 1, by a CamKII-driven
Cre (line T29-1, [15]) transgene is initiated postnatally,
and results in complete loss of PSEN1 expression in
mature neurons in the hippocampal formation by the age
of 3 months [16]. Thus, we placed cohorts of 3-month-old
male BDNF2lox/BDNF2lox/CamKII-Cre mice (cKO) and
male BDNF2lox/BDNF2lox mice (WT) in EE for 1 month
(referred as "enriched" mice) and maintained additional
cohorts of cKO and WT mice in standard conditions for 4
months (referred as "standard" mice).

We now show that standard housed cKO mice exhibit an
approximately 50% reduction of hippocampal BDNF lev-
els compared to standard WT mice (Fig. 1A). The residual
levels of hippocampal BDNF in cKO mice might reflect

cKO mice show reduced hippocampal BDNF levelsFigure 1
cKO mice show reduced hippocampal BDNF levels. A, Quantification of BDNF protein levels (Mean ± SEM, pg/mg). 5-
13 animals/group. *, P < 0.05; **, P < 0.01. B, Levels of hippocampal BDNF after sub-grouping the EE groups into low-activity 
and high-activity groups. *, P < 0.05; **, P < 0.01.
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expression in non-neuronal cells, in which the floxed
BDNF alleles are not deleted by the neuronal-specific
CamKII-Cre allele, or that this represents BDNF that is
axonally transported to the hippocampus from cortical
regions in the CNS [17] and further studies will be
required to distinguish between these, or other, models.
In any event, and as shown earlier [14], BDNF is elevated
in the cohort of enriched WT mice, albeit to levels that did
not reach statistical significance (Fig. 1A). On the other
hand, BDNF was not elevated in the hippocampus of
enriched cKO mice. As a control, we assessed BDNF levels
in cortical tissue and failed to observe any differences in
BDNF levels either within, or between groups (cortex; Fig.
1A).

It has been shown that hippocampal BDNF levels are
increased upon long-term (1 year; [14]) but not short-
term (2 month; [18]) EE. On the other hand, 5-day [13]
or 7-day [19] running wheel exercise was sufficient to
increase hippocampal BDNF levels, suggesting that run-
ning might be a critical factor in the EE paradigm that is
required for inducing hippocampal BDNF levels. Hence,
we assessed the impact of running wheel activity on BDNF
levels in our enriched mice. Notably, the activity levels,
defined as the percent time spent on the running wheels,
in cKO mice (26.51 ± 1.67%) were not different from
those of WT mice (26.78 ± 1.75%). We chose an arbitrary
cutoff of 25% average activity because the BDNF levels in
enriched mice that showed activities lower than this value
were essentially identical to those of standard mice in
both the WT and cKO groups (Fig. 1B). We divided the
enriched mice into "high-activity", defined as activity
greater than 25%, and "low-activity" groups, defined as
activity less than 25%. It should be noted that mice exhib-
iting between 23.4% and 29.3% activity showed highly
variable results with respect to BDNF levels and this group
was not included for further analysis. Whereas we
observed no differences in BDNF levels between standard
WT mice and low-activity WT mice, high-activity WT mice
showed a significant increase in BDNF levels compared to
standard WT mice and low-activity WT mice (Fig. 1B).
Thus, while our relatively short 30-day EE paradigm did
not result in significant elevations in hippocampal BDNF
in the total cohort of mice (Fig. 1A), "highly-active" WT
mice clearly exhibit marked increases in hippocampal
BDNF levels. As expected, the levels of hippocampal
BDNF levels in standard cKO, low-activity cKO and high-
activity cKO mice cohorts were essentially indistinguisha-
ble.

Behavioral Analysis of cKO and WT mice
In view of the reports documenting that BDNF+/- mice
exhibit growth retardation, obesity, hyperactivity and
aggressiveness [7-10], we felt it was critical to assess these
parameters in our cKO mice that accumulate hippocam-

pal BDNF to 50% of the levels observed in WT animals.
We failed to observe any differences in body weights (Fig.
2A), locomotor activity in open field (Fig. 2B) and levels
of aggression in resident intruder tests (Fig. 2C and 2D)
between 4-month-old cKO and WT strains.

Reduced BDNF levels does not impair basal and EE-
induced NPC proliferation
In order to examine the impact of BDNF on NPC prolifer-
ation, cohorts of 3-month-old male cKO or WT mice were
subject to EE for 1 month, after which time, mice were
injected with BrdU and sacrificed after 1 day. Parallel
cohorts of mice were sacrificed 4 weeks after BrdU injec-
tion in order to determine the survival rate and differenti-
ation of newborn NPCs.

Examination of the number of BrdU+ cells in cohorts of
WT or cKO mice housed in standard conditions failed to
reveal any statistically significant differences between
groups (Fig. 3A and 3C, respectively; quantified in Fig.
3E). To provide additional support for these observations,
we sought to examine the impact of conditionally ablat-
ing BDNF using a different mouse line expressing CamKII-
Cre (line T50). The CamKII transgene in line T50 is active
postnatally and complete deletion of floxed BDNF alleles
in mature neurons occurs by two months of age [20],
again leading to a 50% reduction in hippocampal BDNF
levels [20]. As shown above for the cKO-T29-1 mice, pre-
cursor proliferation between the cKO-T50 and WT groups
were indistinguishable (Figure 3G and 3H; quantified in
Fig. 3I).

On the other hand, EE significantly increased the number
of BrdU+ cells in WT mice, as expected, but enriched cKO
mice showed only a modest, yet non-significant increase
in BrdU+ cells compared to standard housed counterparts
(Fig. 3B and 3D, respectively; quantified in Fig. 3E). Nota-
bly, while the slight elevation in BrdU+ cells in enriched
cKO mice is statistically insignificant relative to the
enriched WT cohort (Fig. 3E), the fact that the levels of
BrdU+ cells are elevated in the cKO mice would suggest
that factor(s) other than BDNF might contribute to EE-
induced cell proliferation.

Reduced BDNF levels impairs exercise-induced NPC 
proliferation
It has become increasingly evident that the critical appara-
tus that impacts on EE-mediated elevations of NPC prolif-
eration is the running wheel [12]. Hence, we reexamined
our earlier dataset by assessing the impact of running
wheel activity on numbers of BrdU+cells in each group.
We observed no significant differences in BrdU+cells in
standard WT and low-activity WT cohorts (Fig. 3F). How-
ever, we observed a significant difference in numbers of
BrdU+ cells between the high-activity WT mice and stand-
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ard WT mice or low-activity WT mice. In contrast, while
we did observe a modest ~20% elevation in the number
of BrdU+ cells in the hippocampus of high-activity cKO
mice compared to standard cKO mice or low-activity cKO
mice, these differences were insignificant (Fig. 3F). More
importantly, we now see a highly significant statistical dif-
ference in BrdU+ cells in the hippocampus of high-activity
cKO mice compared to high-activity WT mice. Thus, run-
ning wheel activity is critical for promoting NPC prolifer-
ation in the hippocampus of WT mice, and BDNF is at
least, in part, a factor that is critical for regulating this
process.

Reduced BDNF levels impairs the survival, but not 
differentiation of newborn cells
SGL progenitors that reach maturity are fated to become
granule neurons or glial cells [2]. To examine the impact
of reduced BDNF levels on the survival and/or fate of new-
born cells, cohorts of standard or enriched WT and cKO
mice were sacrificed 4 weeks after the BrdU injection (i.e.
at the 5-month time point). In order to provide a measure
of cell survival during the 4-week post BrdU time period,
we expressed the number of BrdU+ cells at the 4-week post
BrdU time point as a percentage of the number present at
the 1-day post-BrdU time point (numbers above the sur-

cKO mice are not obese, anxiety-prone nor hyperactiveFigure 2
cKO mice are not obese, anxiety-prone nor hyperactive. cKO mice are not obese, anxiety-prone nor hyperactive. A, 
Body weights in WT and cKO mice. 7-13 animals/group. *, P < 0.05. B, Locomotor activity in WT and cKO mice. 7 animals/
group. C-D, Total number of bites (C) and first bite latency (D) in the resident intruder paradigm. 7 animals/group.
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Reduced BDNF levels affect cell survival and exercise-mediated cell proliferationFigure 3
Reduced BDNF levels affect cell survival and exercise-mediated cell proliferation. A-D, Photomicrographs of 
BrdU+ cells 1 day after BrdU injection in the DG of WT (A and B) and cKO (C and D). The mice were maintained in either 
standard (A and C) or enriched conditions (B and D). Green or yellow, BrdU+ cells; Red, NeuN+ cells. Scale bar: 100 μm. E, 
Quantification of BrdU+ cells (Mean ± SEM; 6-12 animals/group). *, P < 0.05; **, P < 0.01. F, Quantification of BrdU+ cells after 
sub-grouping the EE groups into low-activity and high-activity groups. *, P < 0.05. G-H, Photomicrographs of Ki67+ cells in the 
DG of WT (G) and cKO-T50 (H) mice in standard condition. Scale bar: 100 μm. I, Quantification of Ki67+ cells in cKO-T50 
and control littermates (Mean ± SEM; 8 animals/group).
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vival groups in the Fig. 3E). This analysis revealed that a
significantly lower fraction of BrdU+ cells survived in cKO
mice compared to WT mice housed in either standard or
enriched conditions. Indeed, we observed a statistically
significant decrease in the absolute numbers of surviving
BrdU+ cells in cKO compared to WT mice in both housing
conditions.

In order to determine the phenotypes of the BrdU+ cells,
we performed triple-labeling confocal immunohisto-
chemical analysis using an antibody against BrdU, an
antibody against the mature neuron-specific protein,
NeuN, and an antibody against the astrocyte, GFAP (Fig.
4A - 4L). NeuN was consistently present in approximately
75% to 78% of BrdU+ cells among all the groups, and no
differences were observed in the fraction of BrdU+ cells
that were colabeled with NeuN within, or between groups
(Fig. 4M). BrdU+ cells that were colabeled with GFAP, or
that were not co-labeled with either NeuN or GFAP
showed no differences between these groups. Therefore,
differentiation of progenitors to either neuronal or glial
lineages appears not to be linked to the expression of
BDNF and these effects are maintained whether the WT or
cKO mice are maintained in standard or EE conditions.
Finally, the fractional survival and neuronal differentia-

tion of newborn cells in high-activity mice were not signif-
icantly different from those of low-activity mice in either
the WT and cKO groups (data not shown).

Dendritic development is impaired in standard cKO, but 
not in enriched cKO mice
Adult-generated neurons must develop dendrites to form
connections with existing neurons to receive and convey
information in order to integrate into the existing neural
networks or rebuild neural circuitry. Previous studies have
shown marked effects of BDNF on dendrite formation,
but the results have not been conclusive. For example,
while dendritic complexity in the hippocampal DG is
increased in BDNF-overexpressing transgenic mice [21],
BDNF has also shown to destabilize cortical dendrites
[22]. BDNF can both induce and inhibit dendritic devel-
opment depending on neuronal cell type and brain region
[23,24]. Interestingly, EE has been shown to increase den-
dritic branching and length [25]. To examine whether
BDNF is responsible for dendrite morphology in the
standard condition and/or EE-mediated dendrite mor-
phology, brain sections were immunostained with anti-
DCX antibody, and dendritic length and complexity were
analyzed.

Reduced BDNF levels do not affect neuronal fate differentiationFigure 4
Reduced BDNF levels do not affect neuronal fate differentiation. A-L, Confocal images of BrdU+ cells in slices of WT 
or cKO mice. The slices were triply stained for the BrdU (A, E and I), NeuN (B, F and J), and GFAP (C, G and K). The merged 
images of the three labels (D, H and L) demonstrate cells with neuronal (A-D) or glial (E-H) properties or neither of them (I-
L). Arrows indicate the position of BrdU+ cells. Scale bar: 20 μm. M, Percentage of BrdU+ cells colabeled with NeuN or GFAP, 
or neither of them. 6-9 animals/group.
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While the majority of DCX+ neurons in the DG of stand-
ard WT mice exhibited dendrites projecting to the granule
cell layer or crossed the granule cell layer to the molecular
layer, with the axis of the cell body perpendicular to the
SGL (Arrow in Fig. 5A), a fraction of DCX+ cell bodies in
the standard cKO mice were located adjacent to SGL with
the axis of the cell body parallel to the SGL (Arrow in Fig.
5D). DCX+ immature neurons in standard cKO mice also

displayed a significant decrease in total dendritic length
compared to WT counterparts (Fig. 5G left two bars) and
exhibited less complexity at 100-130 μm from the soma
(Fig. 5B and 5E; quantified in Fig. 5H). However, after 8
weeks of enrichment (i.e, at the 5-month time point),
these dendritic abnormalities in cKO mice were rescued
(Fig. 5C and 5F; quantified in Fig. 5G right two bars), sug-
gesting that while BDNF signalling is required for den-

Dendritic development is impaired in cKO mice in standard condition, but not in enriched conditionFigure 5
Dendritic development is impaired in cKO mice in standard condition, but not in enriched condition. A-F, Phot-
omicrographs of DCX+ cells in the DG of WT (A, B and C) and cKO (D, E and F). The mice were maintained in either stand-
ard conditions (A, B, D and E) or enriched conditions (C and F). Scale bar: 80 μm in A or 20 μm in B. G-H, Quantification of 
total dendritic length (G) and dendritic complexity (H) of DCX+ cells in WT and cKO mice (Mean ± SEM; 6 animals/group). *, 
P < 0.05.
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dritic development in adult hippocampus in standard
housing conditions, factor(s) in addition to BDNF impact
upon EE-induced dendritic development. With respect to
dendritic length, the EE paradigm showed a trend to
increase the total length in WT mice, but these changes did
not reach statistical significance (Fig. 5G). In addition,
DCX+ neurons in the enriched mice (both WT and cKO)
were more complex than those in standard housed mice
at 150-200 μm from the soma (Fig. 5H). Dendritic mor-
phologies of high-activity mice did not show differences
between low-activity mice in both WT and cKO groups.

Discussion
Increasing evidence has provided support for the view that
exposure of adult rodents to EE and exercise induces neu-
rogenesis in the DG and elevates hippocampal BDNF lev-
els. While several laboratories have tested the functional
relevance of the correlation between EE and exercise-
mediated neurogenesis and running, the emergent data
has been largely contradictory and thus, inconclusive. In
order to clarify the issue, we examined mice in which
BDNF expression was conditionally eliminated in mature
neuronal populations of the adult hippocampus and now
offer several important insights.

First, we report that a 50% reduction in hippocampal
BDNF levels following selective gene ablation in hippoc-
ampal neurons does not have a significant influence on
cell proliferation in cohorts of animals housed in either
standard or EE conditions. On the other hand, cell prolif-
eration, mediated by high levels of physical exercise (run-
ning) is reduced in cKO mice compared to WT
counterparts. Second, reduced BDNF level in cKO mice
impairs both basal and EE-mediated survival of newborn
cells, but does not affect neuronal fate differentiation in
either housing condition. Third, dendritic development is
impaired in cKO mice maintained in standard housing
conditions, a phenotype that is rescued by EE. Taken
together, our data suggest that BDNF expression in the
adult hippocampus is required for precursor cell survival,
exercise-induced cell proliferation, and dendritic develop-
ment.

While hippocampal progenitor cell proliferation was not
affected by reduced BDNF levels in the entire cohort of
mice housed in either standard or EE conditions, we
observe that exercise-induced cell proliferation was mark-
edly impaired in cKO mice. While it has been reported
that physical exercise up-regulates BDNF mRNA and
encoded polypeptides in the hippocampus [13,26-28]
and also induces cell proliferation [12], the molecular
mechanism(s) that regulate exercise-mediated induction
of BDNF expression and the cellular pathway(s) by which
BDNF mediates cell proliferation are just beginning to
emerge. For example, BDNF is an activity-induced gene

that is transcriptionally regulated, and these transcrip-
tional changes are initiated by Ca2+ increases generated
through the activation of NMDA receptors or voltage-sen-
sitive Ca2+ channels [29,30]. In this regard, it has been
suggested that running wheel exercise may activate NMDA
receptors in the hippocampus, and that in turn may
enhance BDNF production. Supporting this notion, the
enhancement of BDNF levels induced by running wheel
exercise is suppressed in mice lacking the NMDA receptor
β1 [31]. Running induces a specific increase in LTP in the
DG that correlates with elevated cell numbers in the struc-
ture in adulthood [32]. BDNF plays a role in a form of LTP
by enhancing glutamatergic synaptic transmission at pre-
synaptic sites [33,34]. It should be noted that vascular
endothelial growth factor (VEGF) and insulin growth fac-
tor-1 (IGF-1) are known to mediate the effects of exercise
on neurogenesis and these effects appear primarily to
increase cell proliferation [35]. Data from songbird indi-
cate that VEGF acts upstream of BDNF to regulate adult
neurogenesis [36] and peripheral administration of IGF-1
induces BDNF mRNA in rat brain [37]. Taken together,
activation of BDNF-LTP, VEGF-BDNF and/or IGF-1-BDNF
cascades may modulate cell proliferation.

While not established, it is likely that BDNF influences
exercise-induced cell proliferation through TrkB that is
highly expressed in the hippocampus [38]; the level of
activation of this receptor is highly correlated with the
availability of BDNF [39]. Moreover, the levels of full-
length TrkB and phosphorylated TrkB in hippocampus
have been shown to be increased by running exercise
[40,41]. We have reported that TrkB mRNA and encoded
polypeptides are expressed in neural progenitor cells and
immature neurons in the adult hippocampal neurogenic
niche, and that conditional ablation of TrkB from hippoc-
ampal neural progenitors using the hGFAP-Cre is suffi-
cient to block running-induced increases in proliferation
and neurogenesis [38]. These observations are consistent
with the lack of proliferative response to running in the
BDNF cKOs reported herein, and thus, we would argue
that TrkB likely provides the signalling gateway through
which BDNF induces proliferation upon high-level run-
ning activity.

Our finding that a 50% reduction of BDNF in our cKO
mice impairs both basal and EE-mediated survival of new-
born cells may be related to the known effects of BDNF on
activation of phosphatidylinositide 3 kinase (PI3)/AkT
(protein kinase B) kinase [42]. In this regard, AkT is acti-
vated by exercise [43], and inhibits the activities of proap-
optotic proteins while enhancing the effects of a broad
range of survival factors [44]. Future studies to delineate
the relative contributions of AkT, or other signalling path-
ways, in BDNF-mediated survival of hippocampal pro-
genitors are clearly warranted.
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Quantification and comparison of overall dendritic devel-
opment revealed that DCX+ neurons in standard cKO
mice exhibited decreases in total dendritic length com-
pared to WT counterparts, similar to findings recently
reported by Chan et al (2008) [45]. However, EE rescued
the impaired dendritic development in cKO mice.
Recently, Zhu et al (2009) have shown that BDNF+/- mice
exhibited severe reduction in the dendritic spine density
in the DG, and that this phenotype was also rescued by EE
[46]. Together, these findings suggest that while BDNF sig-
nalling might play a critical role in dendritic development
in standard housing conditions, synaptic changes due to
EE can still occur in mice with low BDNF levels.

It is important to note that despite the strengths of our
conclusions, studies by Chan et al (2008) have revealed
that conditional inactivation of BDNF using a CamKII-Cre
159 line [47] led to an increase in proliferation of new-
born cells in the SGL in mixed cohorts of male and female
mice, without any effects on cell survival in standard con-
ditions [45]. In contrast to our findings in which we failed
to observe any alterations in NPC proliferation by reduc-
ing BDNF levels in male mice, we note that Chan and col-
leagues reported an almost complete ablation of BDNF
mRNA expression in the hippocampus, substantially
lower than the 50% reductions in BDNF protein levels
reported herein. We have previously shown that BDNF
regulates eating behavior and locomotor activity [8], and
that BDNF+/- mice that accumulate approximately half
the levels of the normal gene product throughout their
body indeed develop aggressiveness, hyperactivity and
obesity [9,48]. The availability of conditional BDNF
knockout mice has made it possible to assess how these
behaviors are influenced by acute reductions in BDNF lev-
els, in different brain areas and at different developmental
stages. However, characterization of BDNF conditional
knockouts has yielded mixed behavioral results. For
example, the mice used by Chan and colleagues exhibit
hyperactivity, obesity and aggressiveness [49], similar to
the phenotypes seen in BDNF+/- mice. In contrast, we
failed to observe any perturbations in these parameters in
male mice of our strain (cKO-T29-1). Our cKO-T50 mice
showed gender differences in depression-related behav-
iors, and male mice display normal anxiety-related behav-
ior [20]. The cKO-T50 mice displayed increased
locomotor activity, but the mice finally habituated, sug-
gesting that these mice do not show sustained increases in
locomotor activity [20]. BDNF adult knockout mice using
an inducible doxycycline system, in which BDNF levels
were reduced by ~70% in the hippocampus, were normal
in body weight, locomotor activity and levels of aggres-
sion [50]. Taken together, it is not inconceivable that the
observed elevation of NPC proliferation in the BDNF cKO
mice used by Chan and colleagues is a reflection of alter-
ations in these neurodevelopmental and/or behavioral

parameters. We would argue that in our BDNF cKO line,
the observed differences in the proliferation of newly-gen-
erated hippocampal progenitors in highly-active male WT
vs. male cKO mice and reduced survival of these cells
reflect bona fide effects of reduced postnatal, neuronal
expression of BDNF, and not the result of physiological
and behavioral processes resulting from near complete
loss of postnatal BDNF, as reported by Chan et al (2008).

While our Cre lines have the obvious advantage of avoid-
ing developmental consequences of BDNF ablation, the
activity of the CamKII promoter in the hippocampus is
restricted to "differentiated" neurons and therefore we
expect that BDNF will still be present, albeit at low levels
in the SGL. We have previously demonstrated that SGL
cells and neurospheres derived from these cells express
BDNF [38]. Moreover, the CamKII-Cre allele is not
expressed in astrocytes, another source of BDNF. There-
fore, it is conceivable that the microenvironment of the
SGL in our cKO mice could retain BDNF activity in spite
of the overall reduction in the entire hippocampus, and
that the cells in the SGL have adequate levels of BDNF
necessary for specific physiological responses (e.g. basal
proliferation). Thus, it might be also possible that while
complete loss of BDNF in the hippocampus affects cell
proliferation in adult mice, as observed by Chan et al
(2008), approximately 50% reduction in the hippocam-
pus in the postnatal brain does not impair NPC prolifera-
tion, but rather, affects NPC survival. In this regard, it is
instructive to note that Gao et al (2009) recently reported
that mice with conditional deletions of BDNF in postna-
tal-born granular neurons of the DG using a Pro-opi-
omelanocortin (POMC)-Cre allele, in which BDNF levels
accumulate to ~50% of wild-type levels, also exhibit
impaired survival of newborn cells in standard conditions
[51]. These latter studies confirm our findings and sup-
port the notion that BDNF plays a significant role in NPC
survival.

Notwithstanding the lacunae in our understanding of the
cellular and molecular mechanism(s) by which BDNF reg-
ulates neurogenesis in the adult DG, future insights in this
arena will be essential for developing strategies to isolate
and maintain progenitors from adult stem cell niches that
may serve as therapeutic modalities for acute and chronic
neurodegenerative processes in the adult CNS.

Methods
Transgenic mice
Mice that harbor loxP sites flanking the single BDNF cod-
ing exon (Exon 5) were previously described [39]. The
homozygous "floxed" BDNF mice (BDNF2lox/BDNF2lox)
mice were crossed to mice expressing bacterial Cre recom-
binase driven by the neuron-specific CaM Kinase II-Cre
promoter (CamKII-Cre, line T29-1, [15]). CamKII-Cre/
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BDNF2lox/BDNF2lox and BDNF2lox/BDNF2lox mice are
referred to as cKO and WT, respectively, in the present
study. Generation of conditional BDNF knockout mice
using a CamKII-Cre line T50 (cKO-T50) and immunoflu-
orescent labelling for Ki67 were described previously
[20,38].

EE setting and BrdU injections
Animal experiments were conducted in accordance with
institutional and NIH guidelines. Cohorts of WT and cKO
animals were housed in large cages containing running
wheels, tunnels, toys, and chewable materials 3 h a day for
1 month at the age of 3 months. Control groups of ani-
mals were maintained in standard laboratory housing
conditions. Mice received a single i.p. injection of BrdU
(100 mg/kg, Sigma, St. Louis, MO) on the last day of the
enrichment. Half of the mice in each group were sacrificed
1 day after the injection to determine progenitor prolifer-
ation. The remaining mice were allowed to continue
under standard or enriched conditions for 4 weeks and
processed to determine survival and neuronal differentia-
tion of the newborn cells. Physical activity levels, defined
as the percent time spent on the running wheels, of mice
during exposure to EE were observed and recorded every
week. Additional mice of each group were processed for
ELISA analysis for BDNF protein levels as described
below.

BDNF ELISA
BDNF protein levels were measured using a BDNF ELISA
kit (Promega, Madison, WI) according to the manufac-
ture's protocol. Hippocampal or cortical homogenate
samples were acidified to pH < 3 with 1N HCl and incu-
bated for 15 min at room temperature, followed by neu-
tralization to pH ~8 with 1N NaOH, as this treatment has
been shown to maximize the yield of free protein [52].
Aliquots of 100 μl homogenate samples were incubated in
a plate coated with a BDNF antibody and following chro-
mogenic reaction, the resulting absorbance was read in
duplicate at 450 nm using ELISA reader (Thermo-Max
Microplate Reader and Softmax-Pro software, Molecular
Devices, Sunnyvale, CA). Standard curves of pure BDNF
were used to quantify the amount of the BDNF in the sam-
ples.

Tissue preparation, and quantify and phenotype of 
newborn cells
Tissue preparation, and immunofluorescent labelling for
BrdU, neuronal nuclei (NeuN), and Glial Fibrillary Acidic
Protein (GFAP) were performed as described previously
[53]. The antibodies used were rat anti-BrdU (1:100, Accu-
rate Chemical & Scientific Corporation, Westbury, NY),
mouse anti-NeuN (1:500, Chemicon, Temecula, CA), and
rabbit anti-GFAP (1:500, Dako, Fort Collins, CO). The flu-
orescent secondary antibodies used were biotinylated

donkey anti-rat IgG; Cy2-conjugated Streptavidin; donkey
anti-mouse IgG conjugated with Cy5; donkey anti-rabbit
IgG conjugated with Cy3 (all 1:250, Jackson ImmunRe-
search, West Grove, PA).

Quantitative analyses of morphology and dendritic length 
of doublecortin (DCX)+ immature neurons
DCX is exclusively expressed in immature neurons and
has been widely used as an immature neuronal marker
[54]. The brain sections were stained by goat anti-DCX
(1:500, Santa Cruz, CA). The immunohistochemical
staining was made using the avidin-biotin complex (ABC)
system (Vectastain Elite, Vector labs, Burlingame, CA) and
nickel-enhanced diaminobenzidine (DAB) incubation.
Sections were mounted on gelatin-coated slides, air-dried,
counterstained with hematoxylin (vector labs, Burlin-
game, CA), dehydrated, cleared and coverslipped. 20
DCX+ neurons in each mouse were traced in their entirety
and total dendritic lengths were analyzed by NIH Image
Software (ImageJ, http://rsb.info.nih.gov/ij). For den-
dritic complexity, cocentric circle analysis of Sholl (1953)
was performed using a separate NIH ImageJ plugin.

Behavior
Locomotor activity was assessed by placing animals in a
new home cage and measuring locomotor activity for 2 h
by photobeams linked to computer data acquisition soft-
ware (San Diego Instruments). Aggressive behavior was
assessed using the resident intruder test, as described pre-
viously [55], and defined as total number of bites.

Statistical Analysis
Data are expressed as mean values ± SEM. Error bars in the
figures represent SEM.

T-test and ANOVA tests were applied to study the relation-
ship between the different variables where appropriate.
Values of p < 0.05 were considered significant.
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