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Abstract The chronic and systemic administration of
rapamycin extends life span in mammals. Rapamycin
is a pharmacological inhibitor of mTOR. Metformin
also inhibits mTOR signaling but by activating the
upstream kinase AMPK. Here we report the effects of
chronic and systemic administration of the two mTOR
inhibitors, rapamycin and metformin, on adult neural
stem cells of the subventricular region and the dendate
gyrus of the mouse hippocampus. While rapamycin

decreased the number of neural progenitors, metformin-
mediated inhibition of mTOR had no such effect.
Adult-born neurons are considered important for cogni-
tive and behavioral health, and may contribute to im-
proved health span. Our results demonstrate that distinct
approaches of inhibiting mTOR signaling can have sig-
nificantly different effects on organ function. These re-
sults underscore the importance of screening individual
mTOR inhibitors on different organs and physiological
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processes for potential adverse effects that may compro-
mise health span.
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Introduction

The mTOR signaling pathway has a conserved role in
the regulation of replicative and chronological life span
in yeast and organismal life span in Caenorhabditis
elegans, Drosophila, and mammals (Johnson et al.
2013). The inhibition of mTOR signaling with chronic,
systemic 2.24-mg/kg (14 ppm) administration of
rapamycin, a product of the soil bacteria Streptomyces
hygroscopicus, extends life span in mice, even when
introduced late in life (Harrison et al. 2009).
Rapamycin 4.7, 14, and 42 ppm in food also slows
age-dependent pathology of the liver, heart, and ten-
dons (Wilkinson et al. 2012). A recent study demon-
strated that chronic 2.24-mg/kg rapamycin inhibits
age-associated cognitive decline (Halloran et al.
2012). Furthermore, rapamycin treatment was associ-
ated with anxiolytic and anti-depressive effects
(Halloran et al. 2012).

While neurogenesis occurs primarily during embry-
onic and early postnatal mammalian development, the
adult mammalian brain does retain the ability to pro-
duce new neurons. Cognitive functions, learning and
memory, and behavioral health can be improved by
increased adult neurogenesis (van Praag et al. 2000,
2005; Ramirez-Amaya et al. 2006; Deng et al. 2010).
Additionally, antidepressants function by stimulating
adult neurogenesis (Malberg et al. 2000; Santarelli
et al. 2003; Encinas et al. 2006; Li et al. 2008; Wang
et al. 2008). Neurogenesis in an adult mammal occurs
in specialized regions of the brain such as the
subventricular zone (SVZ) and the subgranular zone
of the dentate gyrus (DG) (Kriegstein and Alvarez-
Buylla 2009). In these regions, slowly cycling B cells
(GFAP+), the self-renewing adult neural stem cell pop-
ulation, give rise to transient amplifying C cells
(EGFR+), which in turn produce neuroblasts marked
by the expression of doublecortin (DCX+). Adult-born
neurons integrate into functional circuits (Li et al.
2009; Song et al. 2012). Adult neurogenesis decreases
with aging and the loss of neurogenesis can be corre-
lated with cognitive and behavioral decline (Kuhn et al.

1996; Lazarov et al. 2010; Snyder et al. 2011). Con-
versely, caloric restriction, which extends life span,
increases adult neurogenesis (Levenson and Rich
2007; Lazarov et al. 2010).

From Drosophila to mice, multiple steps during
neurogenesis—neural progenitor proliferation, surviv-
al, and differentiation into neurons—have been report-
ed to engage the mTOR signaling pathway (Han et al.
2008; McNeill et al. 2008; Kim et al. 2009; Fishwick
et al. 2010; Li et al. 2010; Raman et al. 2011;
Palazuelos et al. 2012; Paliouras et al. 2012). For
example, the loss of activators of mTOR signaling,
IgfR1, in neural precursors, results in reduced prolifer-
ation in the SVZ and microcephaly (Kappeler et al.
2008; Liu et al. 2009; Lehtinen et al. 2011). Converse-
ly, increased Igf activity resulted in increased prolifer-
ation in the SVZ and macrocephaly (Ye et al. 2004;
Lehtinen et al. 2011). Two independent mTOR
complexes—mTORC1 and mTORC2—are found in
mammalian cells (Laplante and Sabatini 2012).
Rapamycin is a well-characterized mTORC1 inhibitor
(Guertin and Sabatini 2009). This macrolide first binds
to the cyclophilin FKBP12 in mammalian cells, and the
complex subsequently interacts with mTOR and in-
hibits its function. Paliouras et al. demonstrated that
rapamycin infusion (0.5 mM) into the left ventricle of
mice for 7 days results in a 48 % reduction of prolifer-
ating neural stem cell numbers (Paliouras et al. 2012).
Furthermore, rapamycin reduces neural stem cell pro-
liferation in vitro; both the size and number of neural
stem cells grown as neurospheres were reduced fol-
lowing rapamycin treatment (Paliouras et al. 2012).
Additionally, neural stem cells fail to differentiate nor-
mally in the presence of this drug (Paliouras et al.
2012). Four weeks of rapamycin treatment (10 mg/kg)
significantly decreased social interaction time in mice
(Zhou et al. 2009). In contrast, 1 and 4 weeks of
rapamycin treatment (20 and 10 mg/kg, respectively)
have been reported not to affect gross morphology of
the important neurogenic niche, DG, or normal, new-
born neurons and the performance of mice in open-
field behavioral tests (Kim et al. 2009; Zhou et al.
2009).

Metformin represents an additional pharmacologi-
cal approach to inhibit mTORC1 signaling (Mihaylova
and Shaw 2011). This anti-diabetic biguanide acts by
increasing AMP-activated protein kinase (AMPK) ac-
tivity (Shaw et al. 2005). When activated, AMPK
negatively regulates mTOR activation (Mihaylova
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and Shaw 2011). AMPK activation slows aging in C.
elegans (Apfeld et al. 2004; Mair et al. 2011) and is
being considered as a calorie restriction mimetic
(Ingram et al. 2006). Therefore, metformin has been
used for life extension in mammals and, in some studies
although not all, has demonstrated gerosuppressive ef-
fects (Smith et al. 2010; Anisimov et al. 2011; Berstein
2012). Interestingly, 12 days of treatment with metfor-
min has been shown to increase adult neurogenesis and
spatial memory (Wang et al. 2012). However, the effect
of longer term treatment remains unknown.

We directly investigated the effects of a chronic,
systemic rapamycin or metformin treatment on prolif-
erating neural progenitor cells of the SVZ and DG in
mice. Here we report that a 9-week chronic adminis-
tration of rapamycin, but not metformin, reduces the
number of proliferating neural progenitors in the mam-
malian neurogenic niches in adult mice. Additionally, a
similar decrease in proliferation and in neuronal

differentiation was observed in murine adult neural
stem cells cultured in vitro upon rapamycin treatment.
In contrast, metformin treatment did not significantly
reduce neural stem cell proliferation or differentiation.
Our studies indicate that two distinct methods of
inhibiting mTOR activity differentially affect mamma-
lian adult neural stem cells.

Results

Chronic and systemic administration of rapamycin,
but not metformin, decreases BrdU incorporation
in SVZ and DG neurogenic niches

We used an ~9-week regimen of daily intraperitoneal
(i.p.) injection of rapamycin at 75 μg/kg (low dose) or
2.5 mg/kg (high dose), or metformin at 200 mg/kg
daily in adult C57BL/6J mice (Fig. 1a). The low-dose
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Fig. 1 Chronic, systemic rapamycin and metformin administra-
tion in mice inhibits mTOR activity in the brain. a Schematic
representation of chronic rapamycin and metformin treatment
regimens and BrdU administration prior to tissue collection.
Intraperitoneal (i.p.). b Rapamycin and metformin concentration
in the blood and plasma, respectively, collected from mice before
tissue collection. The last dose of rapamycin and metformin were

given 16 h before sacrificing the mice. c Ribosomal S6 phos-
phorylation (rS6~P), as detected by immunofluorescence, in
sections from the cortex of control mice or mice treated with
the indicated doses of rapamycin or metformin. Scale
bar=100 μm. Data are presented as representative of ≥5 mice
per group
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rapamycin was selected to match previously reported
dosage that enhanced CD8 memory T cell generation
(Araki et al. 2009). The high rapamycin dosage was
selected to match the concentration reported to extend
life span (Miller et al. 2011). The animals were
3 months old at the beginning of the treatment. Age-
matched controls received daily PBS injections. The
mice did not show any increase in food intake or body
weight during this study; mice on high-dose rapamycin
showed weight loss (Table 1). Sixteen hours following
the last injection, the mice were harvested, and
rapamycin concentration in the blood and metformin
concentration in the plasma were quantitated (Fig. 1b).
The inhibition of mTOR activity in the brain following
the pharmacological treatments was confirmed by fluo-
rescent immunohistochemical analyses of phospho-
ribosomal S6 (rS6~P) on brain sections. Our results
demonstrate that both concentrations of rapamycin
used in this study, as well as metformin, effectively
reduced rS6~P-specific immunostaining, indicating
that mTOR signaling is inhibited in the brain following
rapamycin and metformin treatment (Fig. 1c).

To quantitate adult neural stem cell numbers, the
mice were injected with BrdU 2 days prior to sacrifice
(Fig. 1a). BrdU is incorporated in the DNA during S-
phase and has been utilized to detect slowly cycling B
cells and the proliferating C cells in adult neurogenic
niches (Kee et al. 2002; Taupin 2007). First, BrdU
incorporation in SVZ (Fig. 2a) was measured by anal-
yses of serial sections encompassing the entire SVZ of

adult mice. This experiment revealed that the number
of BrdU+ cells was significantly decreased in both low-
and high-dose rapamycin-treated mice (Fig. 2b and c).
Interestingly, metformin treatment did not significantly
alter the number of BrdU+ cells (Fig. 2b and c). Next,
the number of BrdU+ cells was quantified as described
in the “Experimental procedures” section, and statisti-
cal analyses revealed a significant difference in BrdU
incorporation between control and rapamycin-treated,
but not in metformin-treated, mice (Fig. 2d). To inde-
pendently confirm the reduction in neural progenitor
numbers, SVZ sections were stained with Ki67. While
BrdU can be incorporated in apoptotic cells, Ki67 is a
cell cycle marker. Consistent with the effect of the drug
treatment on BrdU incorporation, a decreased number
of Ki67+ cells were detected following rapamycin, but
not metformin treatment (Supplementary Fig. S1).

We also measured BrdU incorporation in the DG, an
additional neurogenic niche (Fig. 3a). Sections corre-
sponding to DG were stained with anti-BrdU antibody,
and the number of BrdU+ cells were counted and
compared between control, rapamycin-treated and
metformin-treated mice. We observed fewer BrdU+

cells in the DG of the rapamycin-treated mice, in
comparison to control or metformin-treated mice
(Fig. 3b and c). Taken together, our results demonstrate
that chronic, systemic rapamycin, but not metformin,
significantly reduced the number of cycling mammali-
an adult neural stem cells.

Neural progenitor proliferation in vitro is reduced
by rapamycin but remains unaffected by metformin

To directly test the effects of rapamycin and metformin
on neural progenitor proliferation, apoptosis and/or
differentiation, we measured the effects of these drugs
on primary, adult neural stem cells isolated from the
SVZ of postnatal day 30 (p30) C57BL/6 mice and
cultured in vitro. Neural stem cells were grown under
two independent culture conditions, either as neuros-
pheres or as an adherent monolayer. In vitro cultures
were treated with 200 nM rapamycin or 500 nM met-
formin overnight, and the inhibition of mTOR was
confirmed by rS6~P immunoblotting. Under these con-
ditions, both rapamycin and metformin treatment
inhibited mTOR activity in these neural stem cells
(Fig. 4a). Next, proliferation of the neural stem cells
was measured by BrdU incorporation. Cells were in-
cubated overnight with BrdU in the presence of

Table 1 Neither rapamycin nor metformin significantly increase
food intake or body weight

Average (g) SEM

A

Control 3.5 0.6

Rapamycin 75 mg/kg 3.5 0.2

Rapamycin 2.5 mg/kg 4.1 0.6

Metformin 5.0 0.9

B

Control 28.8 4.5

Rapamycin 75 mg/kg 29.1 0.5

Rapamycin 2.5 mg/kg 24.8 0.8

Metformin 28.7 0.8

Average food intake (per mouse per gram) during the study (A)
and average body weight (per mouse) at end of study (B) with
standard error of the mean (SEM)
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rapamycin or metformin. Rapamycin treatment signif-
icantly inhibited the rate of proliferation as indicated
by decreased proportion of BrdU+ cells (Fig. 4b; Table 2).
Unlike rapamycin, metformin treatment did not re-
duce the proliferation of neural stem cells in vitro.

Finally, we performed cell cycle analyses of control,
rapamycin, and metformin-treated adult neural stem
cells. Neural stem cells were grown under adherent
conditions in the presence of rapamycin or metformin,
and cell cycle analyses were performed by propidium
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Fig. 2 Chronic rapamycin treatment, but not metformin, inhibits
the proliferation of neural progenitors in the SVZ region of the
adult mammalian brain. a Schematic indicating a region of
interest (boxed area) in SVZ. b BrdU (red) incorporation as
detected by immunofluorescence in the SVZ of control and
treated mice. DAPI-stained nuclei are shown in blue. Scale

bar=100 μm. Arrows point to BrdU+ cells. c BrdU (green) and
DAPI (blue) in the SVZ of control and treated mice. Scale
bar=25 μm. d Quantification of BrdU+ cells per square millime-
ter in the SVZ in control and treated mice. Data are presented as
representative individual images or as mean±SEM from ≥5 mice
per group. **p<0.01, ns is nonsignificant
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iodide (PI) labeling and FACS. Similar to previous
reports (Bez et al. 2003; Merlo et al. 2007), we found
that under control conditions 78.73±1.59 % of neural
stem cells was in G1 phase, 9.0±0.85 % in the S phase,
and 11.40±0.35 % in the G2/M phase (Table 3). Met-
formin treatment did not significantly alter this profile
(Fig. 4c; Table 3). In contrast, rapamycin treatment
increased the percentage of cells in the G1 phase and
resulted in a consequent decrease in S and G2/M phases
(Fig. 4c; Table 3). Rapamycin is known to cause G1
arrest in differentiated cells (Huang et al. 2003), and
reduced S phase in the presence of rapamycin may
account for reduced BrdU incorporation observed
in vivo. Neither rapamycin nor metformin induced sig-
nificant apoptosis (Fig. 4d). Taken together, these results
are consistent with our in vivo BrdU incorporation
studies and suggest that rapamycin inhibits the prolifer-
ation of neural progenitors.

Rapamycin, but not metformin, reduces neuronal
differentiation

We directly tested the effects of rapamycin and metfor-
min on neuronal differentiation in vitro by using iso-
lated neural stem cells. Following neurosphere cul-
tures, differentiation was induced as described in the
“Experimental procedures” section. Undifferentiated
neural progenitors were identified as Nestin+, while
differentiated neurons in culture were identified by
Tuj1+ staining. Both control, as well as metformin-
treated cells lost their Nestin-expression, and some
cells became Tuj1+ upon neuronal differentiation
(Fig. 5). Treatment with rapamycin inhibited this dif-
ferentiation in vitro. Rapamycin-treated cells failed to
express Tuj1 and retained Nestin expression (Fig. 5).
These results are also consistent with the longer G1
observed in rapamycin-treated neural stem cells
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Fig. 3 Chronic rapamycin treatment, but not metformin, inhibits
the proliferation of neural progenitors in DG. a Schematic outlining
DG. b BrdU incorporation (red) and DAPI (blue), as detected by
immunofluorescence, in DG of control and treated mice. Scale

bar=100 μm. Arrow points to BrdU+ cells. c Quantification of
BrdU+ cells per square millimeter in the DG in control and treated
mice. Data are presented as representative individual images or as
mean±SEM from ≥5mice per group. **p<0.01, ns is nonsignificant
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in vitro. Alterations in the precise length of G1 phase in
stem cells have been correlated with defects in differ-
entiation (Lange et al. 2009; Li et al. 2012). In sum-
mary, our in vitro results indicate that rapamycin

inhibits neural progenitor proliferation and differentia-
tion. Since the SVZ and DG neural progenitors are the
source of adult born neurons, we hypothesized that
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Fig. 4 Rapamycin, but not metformin, inhibits proliferation of
neural stem cells in vitro. a Ribosomal S6 phosphorylation
(rS6~P) and total ribosomal S6 in neural stem cells cultured
in vitro, as detected by immunoblotting after overnight
rapamycin or metformin treatment. b Representative FACS plots
of BrdU incorporation in adult neural stem cells after rapamycin

or metformin treatment. c Representative FACS cell cycle anal-
ysis of neural stem cells after rapamycin or metformin treatment.
d Representative FACS analysis of annexin V/PI staining in
neural stem cells after rapamycin or metformin treatment. Data
are presented as representative of three independent experiments

Table 2 Rapamycin, but not metformin, inhibits the prolifera-
tion of neural progenitors in vitro

Neurosphere Adherent NSC
Treatment % Inhibition % Inhibition

Rapamycin 23.68±3.09 22.57±4.99

Metformin −0.30±4.3 3.23±3.5

Percentage inhibition of BrdU incorporation in neural stem cells
isolated from p30 SVZ and grown in vitro as neurospheres or as
an adherent monolayer. Data are presented as mean±SEM of
greater than or equal to three independent experimental repeats

Table 3 Rapamycin, but not metformin, causes G1 phase arrest
in vitro

Treatment G1 phase S phase G2 phase

Control 78.73±1.59 % 9.0±0.85 % 11.40±0.35 %

Rapamycin 85.67±0.96 % 6.63±0.68 % 7.01±0.51 %

Metformin 78.90±1.31 % 10.10±1.30 % 10.25±0.80 %

Percentage of neural stem cells at different stages of the cell cycle
following in vitro rapamycin and metformin treatment, as deter-
mined by PI staining and FACS analyses. Data are presented as
mean±SEM of greater than or equal to three independent exper-
imental repeats

AGE (2014) 36:199–212 205



neuronal differentiation may decrease following chron-
ic, systemic rapamycin treatment. Consistent with this
hypothesis, we observed that the number of DCX+ cells
in the SVZ was reduced upon chronic, systemic
rapamycin treatment in comparison to control brain
(Supplementary Fig. S2). DCX is a widely used marker
for identifying neuroblasts and immature neurons
in vivo (Brown et al. 2003). However, metformin treat-
ment did not alter the number of DCX+ cells (Supple-
mentary Fig. S2). Therefore, the reduced proliferation of
neural progenitors observed in vivo and in vitro in this
study, along with the inhibition of in vitro differentia-
tion, indicate that chronic, systemic rapamycin treat-
ment results in reduced adult-born neurons.

Discussion

Our experiments demonstrate that ~9-week systemic ad-
ministration of the mTOR inhibitor rapamycin reduced
the number of neural progenitor cells in the adult mam-
malian brain. In contrast, a different pharmacological
strategy of inhibiting mTOR indirectly through AMPK
activation, did not significantly affect proliferation in the
neurogenic niche. Themolecularmechanisms accounting
for the observed differences between the mTOR inhibitor
rapamycin and metformin remain unclear at this point
and will be the subject of future analyses. Differential
effects of rapamycin and metformin could be ascribed to
the unique effects of these drugs on mTORC1 versus
mTORC2 complex, differential inhibition of downstream

signaling components or alternative engagement of feed-
back regulatory pathways. The first possibility is the
reported effect of rapamycin on the mTORC2 complex.
Prolonged rapamycin treatment has been reported to
inhibit mTORC2 (Sarbassov et al. 2006). Similarly,
rapamycin-induced insulin resistance results from the
disruption of the mTORC2 complex (Lamming et al.
2012). It is possible that the inhibition of adult
neurogenesis by rapamycin may result from similar un-
desirable effects on mTORC2. Metformin-dependent
AMPK signaling is likely to be restricted to the regulation
of the mTORC1 complex. Secondly, differential effects
onmTORC1 substrates can also account for the observed
differences. For example, 4E-BP1 is the major effector
for the cell cycle effects of rapamycin (Dudkin et al.
2001). Additionally, unique targets of AMPK such as
Acetyl CoA carboxylase (Mihaylova and Shaw 2011),
may offset the negative effects of rapamycin through
unknown mechanisms. It will be interesting to perform
an unbiased, comparative assessment of differential
downstream target engagement in neural stem cells fol-
lowing chronic rapamycin and metformin treatment. Fi-
nally, differences in the response of the IRS/Akt or Grb10
feedback loops (Shah and Hunter 2005; Huang andMan-
ning 2009; Hsu et al. 2011; Yu et al. 2011) following
rapamycin versus metformin treatment in neural progen-
itors may account for the observed effects. Metformin
and rapamycin have been reported to have opposing
effects on Akt activation (Zakikhani et al. 2010). Addi-
tionally, AMPK activation in sensory neurons inhibits
incision-induced acute and chronic pain and neuropathic

Control

Rapamycin

Metformin

Undifferentiated

DAPI Tuj1Nestin

30 µm 30 µm

Differentiated

DAPI Tuj1Nestin

Fig. 5 Rapamycin, but not metformin, inhibits differentiation of
neural stem cells in vitro. Representative images of undifferen-
tiated or differentiated p30 neural stem cells after rapamycin or

metformin treatment. Scale bar=30 μm. Data are presented as
representative of three independent experiments
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pain by the simultaneous attenuation of both mTOR and
ERK signaling (Melemedjian et al. 2011; Tillu et al.
2012). In contrast, we observe that both pharmacological
and genetic inhibition of mTORC1 evokes spontaneous
pain, mechanical hypersensitivity, and increased sensory
neuron excitability (Melemedjian et al. 2013).
Rapamycin releases the feedback inhibition of Grb10,
which is an upstream regulator of MAPK pathway
(Kebache et al. 2007; Hsu et al. 2011; Yu et al. 2011)
and has previously been shown to increase ERK activa-
tion in TSC2−/− murine embryonic fibroblasts (Ghosh
et al. 2006).

Adult neural progenitor cells and adult neurogenesis
are generally considered positive characteristics that
may improve or preserve cognitive function and behav-
ioral health in aging. In our study, rapamycin reduces
neural progenitor numbers. Additionally, rapamycin, or
the inhibition of the mTORC1 and mTORC2 com-
plexes, have been reported to inhibit dendritic arboriza-
tion of hippocampal neurons (Urbanska et al. 2012).
Therefore, chronic rapamycin treatment may have a
paradoxical, negative effect on health span. It remains
to be seen if metformin treatment, which lacked the
adverse effects associated with rapamycin in our studies,
would be suitable for extending both life span and health
span across mammalian species. However, we cannot
formally rule out the possibility that abnormal integra-
tion of adult-born neurons into pre-existing circuits con-
tributes to aging and the inhibition of adult neurogenesis
may be beneficial to health span. It is interesting to note
that at least in the nematode C. elegans, the loss of
certain neurons has been correlated with extended life
span (Alcedo and Kenyon 2004). Careful assessment of
a causal link between rapamycin effects on adult
neurogenesis and learning, memory, and behavior in
mammalian models of aging will be required for a
comprehensive understanding of the impact of long-
term rapamycin treatment in cognitive health span.

In summary, our study reveals that distinct ap-
proaches of inhibiting the mTOR pathway, especially
in the context of long-term, systemic treatment consis-
tent with life span extension, can have significantly
different outcomes in terms of physiological or patho-
logical responses. The effects of mTOR inhibitors on
cellular correlates of health span must therefore be care-
fully and comprehensively analyzed in individual or-
gans and systems. While here we examine the effects of
two distinct pharmacological approaches for mTOR
inhibition only on adult neural progenitor cells, immune

function, for example, will constitute another important
physiological parameter for the assessment of improved
health span. Rapamycin being an immunosuppressant, a
thorough assessment of its effect on innate and adaptive
immune function in old mice is merited.

Experimental procedures

Mice

Adult male (12 weeks) C57BL/6J mice were purchased
from the Jackson Laboratory (Bar Harbor, ME). All
mice were housed under specific pathogen-free condi-
tions at the University of Arizona, maintained under a
strict 12-h light cycle and given a regular chow diet.
Upon arrival, the mice were rested for 1 week prior to
manipulation. The mice were kept in individual meta-
bolic cages for an initial 24-h adaptation period follow-
ed by a 24-h period during which food intake was
measured. Baseline, 4- and 8-week measurements
were performed. The mice were given free access to
food and water for the entire study period. The mice
were weighed before and after being placed into the
metabolic cages. All experimental procedures were
conducted with approval from the University of Ari-
zona Institutional Animal Care and Use Committee.
Rapamycin (LC Labs) and metformin (Sigma) were
administered by daily i.p. injection during the treat-
ment period. Rapamycin was administered in a high
(2.5 mg/kg) or low (75 μg/kg) dose. Metformin was
administered at a dose of 200 mg/kg. Control mice
received daily PBS i.p. injections. BrdU (50 mg/kg,
Sigma) was given by i.p. injection every 12 h, begin-
ning 48 h prior to harvest.

Antibodies

For immunoblotting, rabbit phospho-S6 ribosomal
protein (Ser240/244, #5364) and mouse S6 ribosomal
protein (#2317) antibodies were purchased from Cell
Signaling and were used at a concentration of 1:1,000.
For immunocytochemistry, mouse Tuj1 (MAB1637)
and rabbit Nestin (MAB5922) antibodies were pur-
chased from Millipore and used at a concentration of
1:250 and 1:500, respectively. For immunohistochem-
istry, rabbit DCX (ab18723), rat BrdU (ab6326), and
rabbit Ki67 (ab16667) antibodies were purchased from
Abcam and used at a concentration of 1:100. Rabbit

AGE (2014) 36:199–212 207



Phospho-S6 ribosomal protein (Ser235/236) conjugat-
ed to Alexa Fluor 647 was purchased from Cell Sig-
naling (4851) and used at 1:100.

Species-specific Alexa Fluor conjugated secondary
antibodies were purchased from Invitrogen and used at
1:500. HRP-conjugated species-specific secondary an-
tibodies were purchased from Promega and used at
1:2,000.

Measurement of rapamycin and metformin

Measurement of rapamycin and metformin in mouse
blood were performed using a TSQ Quantum liquid
HPLC-electrospray ionization-tandem mass spectrom-
etry system (Thermo Finnigan, San Jose). Serial dilu-
tions of a known amount of rapamycin or metformin
spiked into blank EDTA mouse blood were used as
internal standards for quantitation of the drugs in the
blood. The scan for rapamycin was performed at 931.5
(M+NH4)+→864.7 at a collision energy of 20 eV.
Metformin was detected by selective reaction monitor-
ing; parent mass/charge ratio for metformin is 130.1
and the fragment monitored is 71.1. The collision
energy was 33 eV. Additional details are provided in
“Supplementary experimental procedures.”

Immunohistochemistry

Mice were euthanized and perfused with 30 mL PBS
before the brains were quickly removed and flash
frozen in isopentane. Specimens were then stored at
−80 °C. The brains were mounted using OCT and
sectioned at 14 μm. For BrdU staining, slides were
first fixed in 4 % PFA for 15 min and subsequently
washed 3× in PBS for 10 min each. Slides were dena-
tured in 2 N HCl for 15 min at 37 °C, and then for
another 15 min in 2 N HCl at room temperature (RT).
Slides were rinsed in boric acid buffer (0.2 M
orthoboric acid, pH 8.4) and incubated for further
10 min at RT. They were then washed 3× in PBS,
blocked in 5 % donkey serum with 0.1 % Triton X-
100 for 2 h at RT. Sections were incubated in primary
antibody in blocking buffer at 1:100 overnight at 4 °C.
Slides were washed 3× in PBS with 0.1 % Triton X-
100 (PBST) for 10 min each and subsequently incu-
bated with secondary antibodies for 2 h at RT. Slides
were washed in 3× in PBS for 10 min, and fixed again
in 4 % PFA. Slides were subsequently washed and
denatured again prior to blocking and incubation in

the second primary antibody (DCX) overnight at
4 °C. After overnight incubation, the slides were
washed 3× in PBS and incubated for 10 min in
100 ng/mL DAPI before being mounted in Prolong
Gold Antifade Reagent (Invitrogen), cover-slipped
and imaged using a Leica SP5 confocal microscope.
For immunohistochemistry using p-S6 ribosomal pro-
tein antibodies, sections were fixed in 4 % PFA,
washed 3× in PBS and then blocked in 10 % donkey
serum in PBST for 2 h at RT. Sections were incubated
with primary antibody at 1:100 in blocking buffer
overnight at 4 °C. Sections were washed 3× with
PBS and incubated for 10 min in 100 ng/mL DAPI
before being cover-slipped and imaged on a Leica SP5
confocal microscope.

Quantification of BrdU+ cells

Fourteen-micrometer sections were collected begin-
ning at the olfactory bulbs and ending at the cerebel-
lum. Series of every 15th section through each sample
were processed for BrdU immunohistochemistry as
described above and every adjacent section was stained
with H&E. The SVZ was defined as beginning at the
bregma 1.41 mm until −0.11 mm. Only cells existing
within 0.1 mm lateral to the ependymal lining were
counted. No cells on the medial SVZ were considered.
The total number of sections in which the SVZ
appeared were ~85-100 (roughly 1.2 mm rostral-
caudal). The DG was defined as beginning at the
bregma −1.077 mm until the bregma −3.39 mm. The
total number of sections in which the DG appeared
were ~130–170 (roughly 2 mm rostral–caudal). The
areas of the SVZ and DG were measured using ImageJ
(NIH). For cell counting, the investigator was blinded
to the experimental condition. BrdU-labeled cells were
exhaustively counted on every 15th section through the
entire DG or SVZ.

Neural stem cell isolation

For both neurosphere and adherent neural stem cell
culture, postnatal day 30 (p30) C57BL/6 mice were
used. Briefly, the brains were removed and placed in
ice-cold Leibovitz’s L15 media (Invitrogen) for dissec-
tion. Using a microsurgery knife, a 1-mm coronal
section was obtained corresponding to the region of
the SVZ. Cuts were made vertically following the
ventricle ventrally and horizontally following the
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ventricle dorsally. A small piece of SVZ was then
dissected and placed into a 1.5-mL microcentrifuge
tube containing 300 μL of 0.25 % Trypsin-EDTA in
PBS and incubated at 37 °C for 20 min. Seven hundred
microliter of complete media (see Supplementary
Information) was added, and the tissue was gently
triturated until single cell suspension was obtained.
Cells were then plated either in complete media (for
neurospheres) or N5 media (for adherent neural stem
cell culture). The composition of N5 media is provided
in the Supplementary Information. Overnight treatment
with different concentrations of rapamycin and metfor-
min were tested on neural stem cells and the concentra-
tions showing maximal inhibition of mTOR (assayed by
inhibition of rS6 phosphorylation) without significant
cell death were used in the study (200 nM rapamycin
and 500 μM metformin).

Immunoblotting

For immunoblotting, neurospheres were grown in the
presence or absence of rapamycin or metformin for 3 h
prior to lysing. For lysis, ice-cold 1 % NP-40 buffer
(20 mM Tris–HCl at pH 8, 137 mM NaCl, 10 %
glycerol, 1 % NP-40) supplemented with phosphatase
and protease inhibitors (Halt protease and phosphatase
inhibitor cocktail, Thermo Scientific) was used. Brief-
ly, cells were washed 3× with ice-cold PBS and then
resuspended in cold NP-40 buffer. Lysates were kept
cold and sonicated ten times, 1 s each, and then centri-
fuged at 12,000×g for 5 min at 4 °C. LDS sample
loading buffer (Invitrogen) with DTT was added, and
the immunoprecipitates were boiled for 5 min prior to
loading onto precast SDS-PAGE gels (Invitrogen).
Gels were transferred onto methanol pre-soaked PVDF
membranes and subsequently blocked with 5 % BSA
in TBS for 2 h. The blot was incubated in phospho-S6
ribosomal protein antibody (Cell Signaling, #5364,
1:1,000) overnight at 4 °C, after which blots were
washed 3× with TBST (TBS+0.1 % Tween) for
15 min each, followed by incubation with secondary
antibodies (1:2,000) for 1 h at RT. Blots were then
washed 3× for 30 min each in TBST, with a final wash
in TBS alone. Blots were stripped and reprobed using
total S6 ribosomal protein antibody (Cell Signaling,
#2317, 1:1,000) overnight at 4 °C prior to secondary
incubation and developing. All blots were developed
using Super Signal West Dura (Thermo Scientific) on
the UVP Imager.

Neural stem cell proliferation and apoptosis

Neurospheres and adherent neural stem cell cultures
were treated overnight with with 200 nM rapamycin
and 500 μM metformin. For proliferation assays, cells
were grown overnight in the presence of 10 μM BrdU.
BrdUwas detected using a BrdU-APC (BD Pharmingen
#552598) kit according to manufacturer’s instructions.
For cell cycle analysis, cells were washed 3× with PBS
and resuspended in 1 mL of ice-cold PBS in polypro-
pylene tubes. For fixation, cells were gently vortexed
while adding 3 mL of ice-cold absolute ethanol
dropwise and then fixed overnight at 4 °C. For staining,
cells were washed with ice-cold PBS and resuspended
in 300 μL of propidium iodide solution (200 ng/mL
RNAse A, 20 mg/mL propidium iodide, 0.1 % Triton
X-100 in PBS) for 15 min at 37 °C. Data were collected
using an Accuri C6 (BD Biosciences) and was analyzed
using FlowJo (Tree Star). In vitro apoptosis experiments
were performed on dissociated adherent neural stem
cells using the ApoDetect Annexin V-FITC kit
(Invitrogen #33-1200) according to the manufacturers’
instruction.

Neural stem cell culture and differentiation

Neurospheres were maintained in complete media. For
differentiation, neurospheres were dissociated using
TrypLE (Invitrogen) following manufacturer’s instruc-
tions and seeded onto acid-etched coverslips (70 %
EtOH, 1 % HCL in PBS, 5 min followed by extensive
PBS wash) in differentiation media #1 or without
rapamycin or metformin for 2 days. The media was
then changed to differentiation media #2 for 5 days
with or without drug. The composition of differentia-
tion media #1 and #2 is provided in the Supplementary
Information.

All media were filter sterilized using a 0.2-μm filter.
Adherent neural stem cells were maintained in N5
media. For in vitro proliferation and differentiation
experiments, rapamycin was used at 200 nM, metformin
was used at 500 μM.

Immunocytochemistry

Following differentiation, coverslips were fixed with
4 % PFA for 15 min at RT, then washed 3× with PBS
and permeabilized with PBST for 15 min at RT. Cells
were blocked for 2 h with 2 % normal horse serum
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(Invitrogen) in PBS at RT. Primary antibodies were
diluted in 2 % normal horse serum and cells were
incubated overnight at 4 °C. Subsequently, coverslips
were washed 3× with PBS and secondary antibodies
(Alexa-Fluor-488 and 594) diluted in 2 % normal horse
serum were added for 2 h at RT. Following the second-
ary antibody incubation, cells were stained with
100 ng/mL DAPI for 10 min at RT. Finally, coverslips
were washed 3× with PBS and mounted onto slides
using ProLong Gold antifade reagent (Invitrogen) and
sealed with nail polish. Images were obtained using a
Leica SP5 confocal microscope.

Statistical analysis

Differences between the means of experimental groups
were analyzed with a two-tailed t test (Prism GraphPad
Software, Inc.). P values≤0.05 were considered signif-
icant. A minimum of five mice per category (control,
rapamycin 75 μg/kg, rapamycin 2.5 mg/kg and
metformin-treated groups) were tested for all in vivo
experiments described. In vitro experiments were
performed in triplicates.
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