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Adiponectin (ADN) is an adipocyte-secreted protein with insulin-
sensitizing, antidiabetic, antiinflammatory, and antiatherogenic
properties. Evidence is also accumulating that ADN has neuro-
protective activities, yet the underlying mechanism remains
elusive. Here we show that ADN could pass through the blood–
brain barrier, and elevating its levels in the brain increased cell
proliferation and decreased depression-like behaviors. ADN defi-
ciency did not reduce the basal hippocampal neurogenesis or neu-
ronal differentiation but diminished the effectiveness of exercise
in increasing hippocampal neurogenesis. Furthermore, exercise-
induced reduction in depression-like behaviors was abrogated in
ADN-deficient mice, and this impairment in ADN-deficient mice
was accompanied by defective running-induced phosphorylation
of AMP-activated protein kinase (AMPK) in the hippocampal tis-
sue. In vitro analyses indicated that ADN itself could increase cell
proliferation of both hippocampal progenitor cells and Neuro2a
neuroblastoma cells. The neurogenic effects of ADN were medi-
ated by the ADN receptor 1 (ADNR1), because siRNA targeting
ADNR1, but not ADNR2, inhibited the capacity of ADN to enhance
cell proliferation. These data suggest that adiponectin may play
a significant role in mediating the effects of exercise on hippocam-
pal neurogenesis and depression, possibly by activation of the
ADNR1/AMPK signaling pathways, and also raise the possibility
that adiponectin and its agonists may represent a promising ther-
apeutic treatment for depression.
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The therapeutic effects of physical exercise in treating de-
pressive disorders are increasingly recognized (1). Previous

studies have reported that physical exercise decreases depressive
behaviors, improves hippocampal-dependent learning, enhances
hippocampal neurogenesis, and increases dendritic plasticity
(2–5). Nevertheless, understanding the mechanisms involved in
the functional and structural benefits of exercise has proven to be
somewhat of a challenge. It has recently been found that adipo-
nectin, a hormone secreted predominantly from adipocytes, can
mimic many of the metabolic effects of physical exercise. Adipo-
nectin exists in the circulation primarily as three oligomeric
complexes, including trimers, hexamers, or high molecular weight
(HMW) oligomers (6, 7). Both the trimeric and hexameric forms
are present in the human cerebrospinal fluid (CSF), implying their
roles in the CNS (8, 9). In addition, only the trimeric and hex-
americ forms are detected in the CSF after i.v. injection of full-
length recombinant adiponectin in mice (10), suggesting that these
low molecular weight (LMW) forms of adiponectin may have the
ability to pass through the blood–brain barrier.
There are two subtypes of adiponectin receptors (ADNRs),

including ADNR1, which is highly expressed in skeletal muscle,

and ADNR2, which is abundantly expressed in liver. Additionally,
both receptors have been found in several brain regions, including
cortex, hypothalamus, pituitary gland, and hippocampus (11).
One of the unique features of adiponectin is that, like exercise, it
promotes glucose uptake in skeletal muscle and suppresses glu-
cose production in liver (12). Furthermore, both adiponectin and
exercise exhibit antidiabetic, antiinflammatory, antiatherogenic
and cardio-protective properties (13). Recent evidence also sug-
gests that adiponectin has neuroprotective effects in the CNS (14,
15) in addition to its peripheral effects (13, 16).
Clinical studies have reported lower levels of plasma adipo-

nectin in patients with depression (17), which could be increased
after antidepressant treatments (18). A recent study has also
shown that adiponectin deficiency increases depressive symptoms
in mice, whereas reintroduction of adiponectin exerts antide-
pressant effects (19). However, the mechanism(s) underlying the
antidepressive effects of adiponectin have remained unexplored.
Although the globular or full-length adiponectin has been found
to promote cell proliferation in the rat neural stem cell cultures
(20), it is still unclear whether the antidepressant effects of adi-
ponectin are mediated by altered hippocampal neurogenesis.
Furthermore, the involvement of ADNR1 and ADNR2 in pro-
moting hippocampal neurogenesis has not yet been examined.
In the present study we investigated the potential role of adipo-

nectin in mediating the beneficial effects of running on promot-
ing hippocampal neurogenesis and decreasing depression-like
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behaviors, and also elucidated the mechanism by which adipo-
nectin promotes neurogenesis.

Materials and Methods
Animals and Experimental Design. All experimental procedures were ap-
proved and followed the guidelines of the Committee on the Use of Live
Animals in Teaching and Research, the University of Hong Kong. Eight- to
nine-week-old male WT C57BL/6J mice or adiponectin knockout (adipo−/−)
mice with the same genetic background (21) were randomly assigned into
different treatment groups and fed with standard chow and water ad libi-
tum in a room with a 12-h:12-h light/dark cycle. We used group housing
together with shared wheels to avoid social isolation-triggered stress (22)
and excessive exercise-induced anxiety (23).

Following a 2-d adaptation to the cages, running wheels were placed into
the cages for 14 d. For studying hippocampal neurogenesis, proliferating cells
were labeled by i.p. injection of BrdU (50 μg/g body weight, dissolved in 0.9%
saline at a concentration of 10 mg/mL; Sigma-Aldrich) once daily during the
last 5 days of running. Individual cohorts of animals were subjected to
14-d nonrunning or running and killed at the time points specified.

Intracerebroventricular and Tail Vein Injections. WT mice were i.c.v. (intra-
cerebroventricularly) injected with 2 μL of adenovirus expressing adiponectin
(Ad-Adn, 108 pfu) or control luciferase (Ad-Luc, 108 pfu). To test the per-
meability to the blood–brain barrier, recombinant trimeric adiponectin
proteins (20 μg per mouse) or the control PBS were injected into adipo−/−

mice through the tail vein (SI Materials and Methods).

Behavioral Tests. The forced swim test (FST) and tail suspension test (TST) were
conducted as previously described (24). The immobility time was applied as
the indicator for behavioral despair. The sucrose preference test (SPT) was
performed as previously reported (25). Data were presented as the per-
centage of sucrose consumption. Loss of preference to sucrose suggests
anhedonia, a core symptom of depressive patients. Experimental details of
behavioral tests are given in SI Materials and Methods.

Tissue Preparation and Immunostaining. The immunostaining was performed
as previously described (5, 26, 27). Immunofluorescent colabeling of BrdU and
doublecortin (DCX, immature neuronal marker) was performed as previously
reported (5, 28). Further details are provided in SI Materials and Methods.

Immunostaining Analysis. Coronal sections stained with antibodies against
BrdU, Ki67 as the proliferating marker, and DCX were counted in the 1-in-6
series (from bregma −1.34 mm to −3.80 mm) (29) using the optical fractio-
nators system (grid size: 55 μm × 55 μm; counting frame: 35 μm × 35 μm) of
StereoInvestigator (MicroBrightfield Inc.). Data were presented as cells/mm2 of
the dentate gyrus. Further details are provided in SI Materials and Methods.

Immunoassays and Western Blot Analysis. The tissue homogenates were an-
alyzed with immunoassays specific to adiponectin, insulin-like growth factor
1 (IGF-1), and BDNF. Protein expression or phosphorylationwas analyzedwith
Western blot. Further details are provided in SI Materials and Methods.

Details regarding cell culture, proliferation assays, and gene knockdown
are provided in SI Materials and Methods. Information about PCR primers
and siRNA is listed in Tables S1–S3.

Statistical Analysis. Data are shown as means ± SEM. The Student t test was
applied for comparisons between two groups, whereas one-way or two-way
ANOVA with running and genotype between-subject factors was used to
compare three or more sets of data, followed by Tukey or Fisher post hoc
tests, as appropriate, with SPSS 13.0 software. Correlation was determined
by Pearson’s correlation analysis. A probability (P) value of <0.05 was con-
sidered statistically significant.

Results
Increase of Adiponectin in the CNS Reduced Depression-Like
Behavior. We injected recombinant Ad-Adn or control Ad-Luc
to determine whether overexpressing adiponectin would alter
depression-like behaviors in C57BL/J mice (Fig. 1A). Two weeks
after i.c.v. injection of Ad-Adn, there were significant decreases
of depression-like behaviors in all behavioral tests, including TST
(Fig. 1B), FST (Fig. 1C), and SPT (Fig. 1D; P < 0.05 vs. Ad-Luc
controls). Notably, mice exhibiting decreased depression-like
behaviors also showed a marked increase in hippocampal cell

proliferation (Fig. 1E; P < 0.05). Significant negative correlations
between the number of proliferating cells and the immobility
time were also observed (Fig. 1 F and G), suggesting an associ-
ation between an increase in the number of proliferating cells
and a reduction in depression-like behaviors.

The Trimeric Form of Adiponectin Was Permeable to the Blood–Brain
Barrier. To prove that adiponectin could pass through the blood–
brain barrier, trimeric adiponectin (20 μg per mouse) was ad-
ministered to adipo−/− mice through tail vein injection. Three
hours after injection, there was a significant increase of adipo-
nectin levels in the CSF, whereas adiponectin remained un-
detectable in the control adipo−/− mice injected with PBS vehicle
(Fig. 1H; P < 0.005). This result further confirmed that LMW
adiponectin could enter the CNS from the circulation (30).

Adiponectin Deficiency Diminished the Beneficial Effects of Running
on Depression-Like Behaviors in Mice. Adipo−/− mice displayed
similar running activity compared with WT littermates under ei-
ther the single or paired housing condition (Fig. S1 A and B).
Furthermore, adipo−/− mice did not show any appreciable differ-
ence in locomotor activity compared with WT mice (Fig. S1 C and
D). Next, we examined the potential involvement of adiponectin
in running-induced decrease in depression-like behaviors. The
results from FST showed that there were significant main effects
of running and genotype (Fig. 2B; effect of running: F3,38 = 21.85,
P < 0.001; effect of genotype: F3,38 = 9.847, P = 0.003; interaction:
F3,38 = 10.89, P = 0.002). The immobility time was essentially
identical in adipo−/− and WT nonrunners. In contrast, running
significantly decreased immobility time in WT (P < 0.005 vs. WT
nonrunners) but not adipo−/− mice (Fig. 2B). Similar results were
also observed in the TST (Fig. 2C; effect of running: F3,38 = 2.403,
P = 0.137; effect of genotype: F3,38 = 10.79, P = 0.002; interaction:
F3,38 = 4.725, P = 0.037). Running-induced reduction of immo-
bility time observed in WT mice (P < 0.05 for WT nonrunners vs.

Fig. 1. Elevation of adiponectin levels in the brain reduced depressive
phenotype in mice. (A) Experimental timeline for administration of recom-
binant adenovirus and behavioral tests. C57BL/6J mice with i.c.v. injection of
recombinant Ad-Adn or control Ad-Luc received the nonrunning treatment
for 2 wk, followed by behavioral tests. (B) The tail TST and (C) the FST assessed
the duration of immobility that parallels depressive severity. (D) The SPT ex-
amined the loss of preference to sucrose (anhedonia), a core symptom in
depression. (E) Cell proliferation in the hippocampal dentate gyrus was de-
termined by measuring the density of Ki67+ cells. *P < 0.05, **P < 0.005; n = 8
mice per group. (F and G) The immobility time of TST and FST was negatively
correlated with the density of hippocampal Ki67+ cells. (H) Trimeric adipo-
nectin (ADN, 20 μg) administered through the tail vein became detectable
in CSF in adipo−/− mice at 3 h after injection. VEH, PBS as vehicle. **P < 0.005;
n = 4 mice per group.

Yau et al. PNAS | November 4, 2014 | vol. 111 | no. 44 | 15811

N
EU

RO
SC

IE
N
CE

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415219111/-/DCSupplemental/pnas.201415219SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415219111/-/DCSupplemental/pnas.201415219SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415219111/-/DCSupplemental/pnas.201415219SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415219111/-/DCSupplemental/pnas.201415219SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415219111/-/DCSupplemental/pnas.201415219SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415219111/-/DCSupplemental/pnas.201415219SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415219111/-/DCSupplemental/pnas.201415219SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415219111/-/DCSupplemental/pnas.201415219SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415219111/-/DCSupplemental/pnas.201415219SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415219111/-/DCSupplemental/pnas.201415219SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415219111/-/DCSupplemental/pnas.201415219SI.pdf?targetid=nameddest=SF1


runners) was remarkably diminished by adiponectin knockout
(Fig. 2C).
WT runners showed an increase of sucrose consumption in

SPT compared with WT nonrunners (Fig. 2D; P = 0.033). In
addition, adipo−/− runners also showed a significant decrease of
sucrose consumption compared with WT runners (P < 0.005),
indicating that adiponectin knockout diminished running-elicited
mitigation of anhedonia (Fig. 2D; effect of running: F3,35 =
3.016, P = 0.092; effect of genotype: F3,35 = 9.726, P = 0.003;
interaction: F3,35 = 6.427, P = 0.017).

Adiponectin Knockout Diminished Running-Induced Hippocampal
Neurogenesis. We subsequently investigated whether the behav-
ioral alterations were correlated to the corresponding changes in
hippocampal neurogenesis using BrdU, Ki67, and DCX stainings
(Fig. 3B and Fig. S2 A and B). Running significantly increased the
number of BrdU+ cells, which was diminished in adipo−/− mice
(Fig. 3C; effect of running: F3,24 = 14.74, P = 0.001; effect of ge-
notype: F3,24 = 17.21, P < 0.005; interaction: F3,24 = 13.303, P =
0.002). Adiponectin deficiency did not affect the basal cell pro-
liferation (P > 0.05 vs. WT nonrunners) but abolished running-
promoted hippocampal cell proliferation. Changes of hippocampal
cell proliferation were reconfirmed by quantifying Ki67+ cells (Fig.
S2A). ANOVA analysis supported the main effects of running
(Fig. 3D; F3,22 = 47.70, P < 0.005) and genotype (F3,22 =93.956,
P < 0.001) and an interaction (F3,22 = 95.114, P < 0.001).
Running considerably enhanced hippocampal cell proliferation
in WT (P < 0.005 vs. WT nonrunners) but not in adipo−/− mice
(P > 0.05 vs. adipo−/− nonrunners).
Analysis on DCX+ cells revealed the main effects of running

(Fig. 3E; F3,20 = 12.162, P = 0.003) and genotype (F3,20 = 11.216,
P = 0.004) and an interaction between running and genotype
(F3,20 = 21.01, P < 0.005). WT runners showed a higher number
of DCX+ cells compared with WT nonrunners (P < 0.005).
Running did not increase DCX+ cells in adipo−/− mice, sug-
gesting that adiponectin is required for running-induced gener-
ation of newborn neurons.
We further explored whether such a running-induced increase

of immature neurons resulted from the enhanced neuronal dif-
ferentiation by estimating the ratio of BrdU/DCX colabeling
(Fig. S2C). Adiponectin deficiency did not affect running-enhanced
neuronal differentiation (Fig. 3F; P < 0.01 for adipo−/− runners vs.
adipo−/− nonrunners) or basal neuronal differentiation (P > 0.05
for WT nonrunners vs. adipo−/− nonrunners).

Levels of Hippocampal Neurotrophins and Adiponectin After Running.
As expected, adiponectin was undetectable in adipo−/− mice (Fig.
4 A and B). Although running did not raise serum adiponectin
levels in WT mice (Fig. 4A; P > 0.05 vs. WT nonrunners), hip-
pocampal adiponectin levels were significantly elevated (Fig. 4B;
P < 0.05 for WT runners vs. WT nonrunners). On the other
hand, the expression of hippocampal ADNR1 and ADNR2 and

their downstream adaptor APPL1 was unchanged in WT mice
after running (Fig. S3A).
Neurotrophic factors, such as BDNF and IGF-1, have been

suggested to modulate exercise-induced hippocampal neuro-
genesis (31). We next examined whether adiponectin knockout
affected exercise-induced elevation of BDNF and IGF-1 in vivo.
The results of quantitative immunoassays showed that BDNF
protein levels in the whole hippocampal homogenates were
comparable among all groups (Fig. 4C; effect of running: F3,16 =
1.074, P = 0.320; effect of genotype: F3,16 = 0.013, P = 0.913).
Interestingly, running specifically increased BDNF levels in the
dentate gyrus subregion of both WT and adipo−/− mice (Fig. 4D;
effect of running: F3,22 = 16.274, P < 0.001). In adipo−/− mice
there was no reduction of BDNF levels in the dentate region
of either nonrunners or runners (effect of genotype: F3,22 = 0.749,
P = 0.398), suggesting that BDNF is not regulated by adiponectin.
Two weeks of running failed to increase the protein levels of

IGF-1 in either the whole hippocampus (Fig. 4E; F3,16 = 0.058,
P = 0.813) or the dentate gyrus (Fig. 4F; F3,22 = 0.806, P = 0.381)
in WT mice. Of note, protein levels of IGF-1 were significantly
reduced in adipo−/− mice in the whole hippocampal lysates (Fig.
4E; effect of genotype: F3,16 = 31.231; P < 0.001). In these ani-
mals there was also no significant effect of running (F3,16 = 0.058,
P = 0.813) or interaction (F3,16 = 2.151, P = 0.168). Furthermore,
IGF-1 levels in the dentate gyrus homogenates were comparable
among all groups (Fig. 4F; effect of running: F3,22 = 0.194, P =
0.665; effect of genotype: F3,22 = 0.092; P = 0.765: interaction:
F3,22 = 0.915, P = 0.351), indicating that altered IGF-1 levels
are not involved in adiponectin-mediated antidepressant effects
of running.

Fig. 2. Depressive phenotype of WT and adipo−/− mice after the 2-wk
running. (A) Experimental timeline for behavioral tests and sample collec-
tions. WT or adipo−/− mice received the 2-wk nonrunning or running treat-
ment, followed by behavioral tests, including FST (B), TST (C), and SPT (D).
Depression-like behaviors were significantly reduced by running in WT, but
not adipo−/− mice. *P < 0.05 and **P < 0.005 vs. WT nonrunners; n = 8–10
mice per group.

Fig. 3. Cellular changes in the hippocampus of WT and adipo−/− mice after
exercise. (A) Experimental timeline for the running or nonrunning treatment,
FST, and immunohistochemical analyses. WT and adipo−/− mice receiving the
nonrunning or running treatment were daily injected with BrdU to label
newborn cells during the last 5 consecutive days of the 2-wk training period.
(B) Representative images of newborn (BrdU+) cells in the hippocampal den-
tate gyrus. (Scale bars, 100 μm.) (C and D) Running-enhanced hippocampal cell
proliferation, reflected by the density of BrdU+ or Ki67+ population, was ob-
served in WT but not adipo−/− mice. (E) Adiponectin knockout also diminished
the effect of running on increasing the number of immature neurons (DCX+),
without affecting the baseline. *P < 0.005 vs. WT nonrunners. (F) Neuronal
differentiation estimated by the colabeling ratio of BrdU and DCX was
comparable between WT and adipo−/− mice receiving the same treat-
ments. *P < 0.05 vs. WT nonrunners, **P < 0.01 vs. adipo−/− nonrunners;
n = 5–6 mice per group.
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Running-Induced Activation of AMPK in the Hippocampus Was
Compromised in adipo−/− Mice. We next examined the possible
downstream molecules involved in adiponectin-induced neu-
rogenesis after running, by Western blot analysis. AMP-acti-
vated protein kinase (AMPK), protein kinase B (Akt), and
extracellular signal-regulated kinases (Erk), as well as p38
mitogen-activated protein kinase (p38MAPK), have been
considered the major pathways involved in adiponectin re-
ceptor-mediated signaling transduction (11, 13). Our results
showed that running significantly increased phosphorylation of
AMPKT172 in WT mice but not in adipo−/− mice (Fig. 5 A and
B; effect of running: F3,36 = 23.46, P < 0.001; effect of genotype:
F3,36 = 27.18, P < 0.001; interaction: F3,36 = 23.62, P < 0.001),
suggesting the involvement of this kinase in running-induced
neurogenesis. In contrast, the amount of phospho-AktS473 (Fig.
5 A and C), phospho-Erk1/2T202/204 (Fig. 5 A and D), or
p38MAPKT180/Y182 (Fig. 5 A and E) was unaltered by running
or adiponectin deficiency (effect of running: P > 0.05; effect
of genotype: P > 0.05; interaction: P > 0.05).

Adiponectin-Stimulated Hippocampal Cell Proliferation Was Mediated
by Its Receptor 1 (ADNR1). As demonstrated above, the trimeric
adiponectin can be detected in the CSF of adipo−/− mice at 3 h
after tail vein injection. Increasing adiponectin levels in the brain
were in concurrence with enhanced hippocampal neurogenesis.
Thus, we speculated that the running-enhanced neurogenesis
observed in mice was, at least, partially attributed to the increase
of adiponectin levels. Our in vitro data showed that incubation
with trimeric adiponectin for 48 h promoted proliferation of
neural progenitor cells (NPCs) cultured from WT and adipo−/−

mice, as well as Neuro2a (N2a) cells in a concentration-dependent
manner, as determined by the thiazolyl blue tetrazolium bromide
(MTT) (Fig. 6 A and C, Left) and the CyQuant assays (Fig. 6 B
and D, Right). In addition, we did not observe any growth defect
for NPCs derived from adipo−/− mice (Fig. S4). This is in agree-
ment with our in vivo results showing that adipo−/− nonrunners
had the similar number of hippocampal newborn cells compared
with their WT counterparts.
We subsequently explored whether ADNRs were required for

the adiponectin-elicited neurotrophic effect, as well as the spe-
cific subtype of ADNRs potentially involved in this process.
Using RT-PCR and subsequent DNA sequencing, we identified

ADNR1 and ADNR2, as well as their adaptor protein APPL1, in
WT NPCs and N2a cells (Fig. S5A). Notably, NPCs cultured from
adipo−/− mice had an expression profile of these three genes
comparable to that from WT mice and N2a cells (Figs. S5 and S6)
and responded similarly to adiponectin stimulation (Fig. 6C).
Given the intrinsic resistant nature of NPCs to transfection, we

used the N2a cell line as an alternative to study the involvement
of ADNRs in mediating adiponectin-induced cell proliferation.
Knocking down ADNR1 and ADNR2 with siRNA significantly
decreased the mRNA and protein expressions of these two re-
ceptors to a similar extent (Fig. S7). Down-regulation of ADNR1
abolished adiponectin-triggered increase in cell proliferation
[Fig. 6D; P > 0.05 vs. SC (scramble siRNA-transfected cells)
control treated with 3 μg/mL adiponectin], whereas knockdown of
ADNR2 had no such an effect (P > 0.05 vs. SC control treated with
3 μg/mL adiponectin), indicating that adiponectin-enhanced pro-
liferation may be mostly mediated by ADNR1 but not ADNR2.

Discussion
This study revealed a previously unidentified role of adiponectin
and ADNR1 in running-stimulated increase of neurogenesis. We
found that adiponectin deficiency alone does not affect the basal
neurogenesis but causes a remarkable attenuation of running-
induced hippocampal progenitor cell proliferation in mice.
Furthermore, running-exerted antidepressant effects were also
diminished in adipo−/− mice, suggesting that running-elicited
neurogenesis and antidepressant effects, which are closely
correlated, are dependent on adiponectin.
Previous studies have suggested the indispensable role of hip-

pocampal neurogenesis in mediating antidepressive effects of

Fig. 4. Effects of running on neurotrophic factors. The brain samples
collected from adipo−/− mice or WT littermates receiving the 2-wk running
or nonrunning treatment as described in Fig. 2A were homogenized and
subjected to immunoassays. (A and B) Running significantly increased the
hippocampal but not circulating adiponectin levels in WT mice. *P < 0.05
vs. WT nonrunners. Note that adiponectin was undetectable in either the
serum or hippocampal lysate of Adipo−/− mice. (C and D) The levels of
BDNF in the whole hippocampus were unaffected by either exercise or
adiponectin knockout. Running raised the BDNF levels specifically in the
dentate gyrus of WT and adipo−/− mice essentially to the same extent.
(E and F ) adipo−/− mice showed lower protein levels of IGF-1 in the whole
hippocampus compared with WT animals (*main effect of genotype: P <
0.001), whereas IGF-1 levels in the dentate region remained comparable in
all four groups. n = 4–6 mice per group.

Fig. 5. Effects of running and adiponectin on several signaling pathways
in the hippocampus. The homogenates of hippocampal tissues collected
from adipo−/− mice or WT littermates receiving the 2-wk running or non-
running treatment as described in Fig. 2A were subjected to Western blot
analysis. (A) Representative immunoblotting images for phospho-AMPK
(T172), total AMPK, phospho-Akt (S473), total Akt, phospho-Erk1/2 (T202/Y204),
total Erk1/2, phospho-p38MAPK (T180/Y182), total p38MAPK, and the loading
control β-actin. (B–E) Semiquantitative analysis for phosphor-AMPK (T172),
phospho-Akt (S473), phospho-Erk1/2 (T202/Y204), and phospho-p38MAPK
(T180/Y182). The data were expressed as fold changes over WT nonrunners.
*P < 0.005 vs. WT nonrunners. n = 9 mice per group.
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physical exercise and antidepressants (5, 32). Consistently, we ob-
served a significant negative correlation between the number of
newborn cells and depressive severity in mice treated with adipo-
nectin, suggesting that the antidepressant effects of adiponectin may
be mediated by enhanced hippocampal neurogenesis. Our data
reinforced the antidepressive effects of adiponectin observed in
a mouse model of depression induced by chronic social defeat (19).
The origin of adiponectin found in the CNS has been debated.

However, the trimeric and hexameric forms of adiponectin have
been confirmed to enter the brain by passing through the blood–
brain barrier (11). Hence, the peripheral adipose tissues are
likely the major source of adiponectin in the CNS. Interestingly,
we observed an increase in hippocampal adiponectin without
a concomitant increase in the serum of WT runners. This could
reflect that the 2-wk training is insufficient to produce a sub-
stantial elevation of adiponectin in the circulation (12) or that
exercise potentially facilitates the transport of adiponectin from
the circulation into the brain. It is also possible that this increase
was produced by adipose or nervous tissues inside the brain (33).
The present results indicate that adiponectin promotes neu-

rogenesis by increasing cell proliferation, and adiponectin de-
ficiency does not influence neuronal differentiation in runners.
This accords with a recent study that adiponectin does not affect
neuronal or glial differentiation in vitro (20). Taken together,
these data suggest that adiponectin may not be required for
normal neuronal differentiation but is indispensable for running-
induced increases in adult hippocampal cell proliferation and
neurogenesis.
The molecular mechanisms mediating adiponectin-elicited

beneficial effects on the CNS are not yet fully clear. Our cell
proliferation assays showed that trimeric adiponectin increased
proliferation of both N2a cell line and NPCs. These results sup-
port the observations of Zhang et al. (20) that adding globular and
full-length adiponectin to cultured rat NPCs could accelerate cell
growth. However, the involvement of ADNRs was not examined
in their study. Different oligomeric forms of adiponectin have
distinct affinities to different adiponectin receptors: the LMW
adiponectin tends to bind ADNR1, and the HMW adiponectin
displays preferential binding to ADNR2. Given that the major

forms of adiponectin in the CNS are trimeric and hexameric, and
that the distribution of ADNR1 is mostly detected at the mood-
regulatory regions (e.g., medial prefrontal cortex, hippocampus
and amygdala) (20), ADNR1 seemed to be the possible candidate
for mediating the antidepressant effects of physical exercise.
We explored this possibility by siRNA-mediated knockdown

of adiponectin receptor subtypes in N2a cells, which have been
proven to have similar concentration responses to adiponectin
compared with primary NPCs. The results confirmed that down-
regulating ADNR1, but not ADNR2, abolished adiponectin-
enhanced proliferation. Additionally, the concurrent knockdown
of ADNR1 and ADNR2 made no additive inhibitory effect,
further supporting the notion that activation of ADNR1, but not
ADNR2, is critical for adiponectin-triggered neurogenesis. Given
that expression levels of ADNRs and their binding adaptor
APPL1 were comparable in mice with or without running (Fig.
S3), it is likely that physical exercise-elicited increase of adipo-
nectin in the hippocampus could be the enabling step in the
antidepressive process.
Although knockdown of receptors in vitro may not adequately

reflect the response of hippocampal neurons in vivo, our cell
culture work using N2a cells is in agreement with the in vivo
finding that ADNR1 has high affinity to LMW adiponectin (11)
and is highly expressed in the hippocampus (20). Future work on
primary progenitor cell cultures with virus-mediated delivery
of shRNA against ADNR1 or mice with hippocampus-specific
knockout of ADNR1 is needed to reinforce the important role of
ADNR1 in mediating adiponectin-elicited proliferating effect.
BDNF and IGF-1 are known to be the proneurogenic factors

mediating the effect of running on neurogenesis (31). In the
present study, BDNF levels in the dentate region were elevated
in WT mice after running, and a comparable increase was also
observed in adipo−/− runners whose neurogenesis was unaltered.
IGF-1 levels in the whole hippocampus of adipo−/− nonrunners
were lower than in WT counterparts, regardless of the similar
hippocampal neurogenesis and depressive state. Reducing IGF-1
levels could diminish running-enhanced neurogenesis without
affecting the basal level of neurogenesis (34). Whether the re-
duction reflects the potential interaction between IGF-1 and
adiponectin warrants further investigation.
The antiinflammatory and cytoprotective effects of adipo-

nectin are known to be partly mediated through APPL1-
dependent AMPK activation of the PI3K-Akt signaling pathway in
endothelial cells (35). Of note, inhibition of PI3K-Akt signaling
blocks exercise-enhanced adult neurogenesis in the dentate gyrus
(36). We detected a significant increase of phosphorylated
AMPK at T172 in WT runners, which was attenuated in adipo−/−

runners. Our previous study has shown that adiponectin protects
against kainic acid-induced excitotoxicity in an AMPK-
dependent way in primary hippocampal neurons that express
ADNRs (37). Meanwhile, moderate AMPK activation has also
been documented to enhance hippocampal neurogenesis and
cognitive functions (38). Zhang et al. (20) have suggested that
globular adiponectin triggered proliferation of cultured rat NPCs
through a p38MAPK/GSK-3β/β-catenin cascade, as such an en-
hancement was abolished by the p38MAPK inhibitor SB203580.
However, we did not observed any significant activation of other
candidate pathways, including Akt, Erk1/2, and p38MAPK, sug-
gesting that these pathways are unlikely to play a role in transducing
adiponectin/ADNR1 signal on cell proliferation after running.
Adiponectin is a well-known insulin sensitizer with multiple

metabolic activities, including promotion of glucose uptake and
induction of fatty acid oxidation in liver and skeletal muscle, and
inhibition of hepatic glucose production (39, 40) via activation
of AMPK (41). In obese individuals, both circulating levels of
adiponectin and its mRNA expression in adipose tissue are
markedly decreased compared with healthy subjects (42, 43),
possibly because hypoxia and inflammatory cytokines suppress
adiponectin gene expression in enlarged adipocytes (44). Physical
exercise has been shown to enhance adiponectin production by
reducing fat mass and inflammation in obese/diabetic patients

Fig. 6. Adiponectin-induced enhancement of cell proliferation was medi-
ated by ADNR1. The N2a cell line as well as the primary NPCs isolated from
WT (WT NPC) and adipo−/− mice (KO NPC) were incubated with different
concentrations of trimeric adiponectin and measured for proliferation using
MTT (A and C, Left) and CyQuant assays (B and C, Right). *P < 0.05 vs. control
cells without adiponectin treatment. (C ) The concentration-dependent
curves replotted using the data from A and B show the comparable responses
to adiponectin in these three cell preparations. (D) Down-regulating ADNR1
but not ADNR2 in N2a cells with siRNA abolished adiponectin-enhanced pro-
liferation. *P < 0.05 vs. Scramble siRNA-transfected cells (SC) without adipo-
nectin treatment. n = 4–5 independent experiments for each assay. Numbers
enclosed in the bracelets indicate the concentrations of the trimeric adipo-
nectin applied. CT, combined transfection of si-Adnr1 and si-Adnr2.
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(12). Given the important role of AMPK in mitochondrial bio-
genesis (45), which is required for running-accelerated newborn
neuron maturation (46), increase in hippocampal adiponectin
after running may modulate mitochondria biogenesis via acti-
vation of AMPK in the newborn cells, thereby enhancing
neurogenesis.
In summary, the present study demonstrates that the antidepres-

sant effects of physical exercise are mediated partly by inducing
production of adiponectin, which in turn promotes hippocampal
neurogenesis (Fig. S8). Notably, adiponectin is a well-known
downstream mediator of the peroxisome proliferation-activated
receptor-γ (PPARγ) agonist thiazolidinediones. The insulin-sen-
sitizing effect of the PPARγ agonist is abrogated in adiponectin-
knockout mice (47). PPARy agonist has also been shown to exert
a potent antidepressant effect (48, 49). It is possible that such an

antidepressant effect of the PPARγ agonist is mediated in part by
adiponectin (50). Therefore, pharmacological interventions to el-
evate endogenous adiponectin, for example the medicinal herb
Radix Astragali (51) and the PPARγ agonists, may represent an
effective strategy for treatment or/and prevention of depression.
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Forced Swim Test. The FST, which has been widely used to probe
depression-like behaviors in rodents, was conducted with minor
modification as previously reported (1). In brief, the mouse was
placed in a cylinder (height: 30 cm; diameter: 15 cm) of water
(23–25 °C) and videotaped for 6 min, and the last 4-min session
was scored by an observer blind to the treatment conditions.
Mobility was defined as any movement beyond what was needed
to keep the head above the water. Time spent in immobility was
adopted as an indicator for behavioral despairs.

Tail Suspension Test. The TST, which was designed specifically for
evaluating depression in mice, was conducted following the
modified protocol by Gould et al. (1). Briefly, the mouse was
suspended in the middle of a three-walled rectangular com-
partment (height: 55 cm; width: 15 cm; depth: 11.5 cm) with
a climb-stopper placed around its tail before applying the tape. A
6-min session was videotaped and analyzed for immobility time
by a blind observer. Small movements only confined to the front
limbs and momentum-induced oscillations and pendulums fol-
lowing earlier mobility bouts were not regarded as mobility.

Sucrose Preference Test. The SPT has been applied to identify
the behavior of anhedonia, which is the core symptom of clinical
depressive patients (2). As previously described (3), individually
housed mice were simultaneously supplied with one bottle of tap
water and the other 2% (wt/vol) sucrose solution for 24 h. The
positions of bottles were swapped 12 h later, and the consumption
of water and sucrose solution was recorded by weighing bottles
before and after the test. Preference to sucrose was presented as
the percentage of the sucrose solution over the total weight of
liquid consumed.

Online Monitoring of Running Activity and Open Field Test. The
online running distance was monitored by the mouse activity wheel
system (Lafayette Instrument) in 1-h intervals through the 14-d
running period, during which mice received individual or paired
housing (to mimic the wheel sharing condition), as designated. In
addition, the open field test (OFT) was conducted to verify that WT
and adipo−/− mice have a similar motor ability by measuring the
moving distance and the average velocity during a period of 10 min.

Intracerebroventricular Injection.C57BL/6J mice were anesthetized
using a mixture of Dormicum (6.25 mg/kg body weight; Roche)
and 10%Hyponorm (1.25 mL/kg body weight; VetaPharma Ltd.).
The anesthetized mice were placed in a stereotactic apparatus
and injected with 2 μL of recombinant Ad-Adn (108 pfu) (4) or
the same amount of control Ad-Luc into the ventricles (coor-
dinates: posterior: 0.5 mm; lateral: 1 mm; ventral: 2.3 mm) at
a rate 0.2 μL/min using the Hamilton syringe. The needle was
withdrawn 5 min after the injection.

Tail Vein Injection of Recombinant Trimeric Adiponectin Proteins.
adipo−/− mice were injected with either the phosphate buffer
saline (vehicle) or recombinant trimeric adiponectin proteins
(20 μg per mouse; Antibody and Immunoassay Services, HKU)
through the tail vein as previously reported (5). Three hours
after tail vein injection, approximately 5 μL of the CSF were
collected by the cisterna magna puncture as previously de-
scribed (6).

Tissue Preparation. Mice were deeply anesthetized with a mixture
of ketamine and xylazine. Upon collection of trunk blood, they

were sequentially perfused with 0.9% saline for 5 min and
4% (wt/vol) paraformaldehyde (PFA)/0.1 M PBS for 15 min. The
isolated brains were postfixed in 4% PFA overnight at 4 °C and
then transferred to 30% (wt/vol) sucrose solution until they sank.
The brain slices (1-in-6 series, 40-μm thickness) were cryo-
sectioned using a sliding freezing microtome (Thermofisher).
The slices were stored in the cryoprotectant at −20 °C until use.

Immunohistochemistry and Immuofluorescent Staining. The sections
were retrieved in citrate buffer (pH 6.0) at 95 °C for 30 min,
followed by incubation in 2 N HCl for 30 min at 37 °C and 0.1 M
borate buffer (pH 8.5) for 15 min. After washing in 0.01 M PBS,
the sections were incubated overnight with the anti-BrdU
(1:1,000; Abcam), followed by incubation with biotinylated goat
anti-rat IgG (1:200; Dako). The BrdU staining was visualized
with the peroxidase method (ABC system, Vector Laboratories)
and diaminobenzidine kits (DAB kits, Sigma-Aldrich). For DCX
or Ki67 staining, sections were incubated with rabbit anti-DCX
(1:200; Abcam) or rabbit anti-Ki67 (1:1,000; Novocastra) anti-
body, respectively, followed by the biotinylated goat anti-rabbit
IgG (1:200; Dako) and visualization with the same method
mentioned above.

Immuofluorescent Staining. Immunofluorescent colabeling of
BrdU and DCX was performed as previously reported (7, 8).
After antigen retrieval, sections were incubated with primary
antibodies overnight, and secondary antibodies for 2 h, including
goat anti-rabbit IgG Alexa Fluor 488 and goat anti-rat IgG Alexa
Fluor 568 (1:200; Invitrogen). The mounted sections were ob-
served by fluorescent microscopy (Axioplan, Zeiss).

Quantification of BrdU+, Ki67+, and DCX+ Cells. BrdU+, Ki67+, and
DCX+ cells (Fig. 3B and Fig. S3) were counted in the 1-in-6
series (from bregma −1.34 mm to −3.80 mm) using the optical
fractionator system (grid size: 55 μm × 55 μm; counting frame: 35
μm × 35 μm) of StereoInvestigator (MicroBrightfield Inc.). Cells
residing in the subgranular zone and granular cell layer of the
dentate gyrus were counted, whereas those that appeared in the
uppermost focal plane were excluded.

Quantification of DCX/BrdU Colabeled Cells. Quantification was per-
formed in a blind manner as previously described (8). Fifty BrdU-
positive cells were randomly selected for calculating the colabeling
ratio with DCX, as the indicator for neuronal differentiation.

Protein Extraction. Brain tissues were freshly harvested after mice
were killed. The whole hippocampus or the isolated dentate gyrus
(9) were lyzed with RIPA buffer (Pierce) supplemented with
a mixture of proteinase inhibitors and phosphatase inhibitors
(Millipore) and phenylmethanesulfonyl fluoride (Sigma-Alrich).
Samples were sonicated for 15 s with a 50% pulse and cleared by
centrifugation (10,000 × g) at 4 °C for 30 min. Supernatant
protein concentrations were quantified by the DC Protein Assay
reagent (Bio-Rad).

Western Blot Analysis.Hippocampal homogenate containing 30 μg
of protein per lane was separated by SDS/PAGE and transferred
to polyvinylidene fluoride membranes (Bio-Rad). Nonspecific
binding was blocked with 3% BSA dissolved in Tris·HCl buffer
containing 0.1% Tween-20 for 1 h. Blots were then probed
overnight at 4 °C with primary antibodies, followed by 1-h in-
cubations with secondary antibodies conjugated to HRP, and
then developed by chemiluminescence detection (Luminata
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Forte, Millipore). The antibodies used for detection were as
follows: mouse anti-β-actin (1:8,000; Abcam); and rabbit anti-
Akt (1:2,000), mouse anti phospho-AktS473 (1:2,000), rabbit anti-
p38MAPK (1:1,500), rabbit anti-phospho-p38MAPKT180/Y182

(1:1,000), rabbit anti-AMPKα (1:1,500), rabbit anti-phospho-
AMPKαT172 (1:1,000), rabbit anti-Erk1/2 (1:1,500), and rabbit
anti-phospho-Erk1/2T202/Y204 (1:1,000; Cell Signaling Technol-
ogy); and goat anti-mouse IgG-HRP (1:8,000) and goat anti-
rabbit IgG-HRP (1:2,000; DAKO). Protein expression levels of
ADNR1, ADNR2, and APPL1 in N2a cells and NPCs isolated
from adipo−/− or WT mice were similarly determined with the
following antibodies: mouse anti-ADNR1 (1:1,000) and goat
anti-ADNR2 (1:1,000; Abcam), and rabbit anti-APPL1 (1:3,000;
Antibody and Immunoassay Services, HKU).

Immunoassays for Adiponectin, BDNF, and IGF-1. The proteins were
extracted from either whole hippocampal tissues or the isolated
dentate tissue. The dentate region was isolated according to the
method described by Hagihara et al. (9). Fresh tissues were collected
24 h after the 14-d running, and total proteins were extracted.
The levels of adiponectin, BDNF, and IGF-1 were determined

using commercially available ELISA kits, including mouse adi-
ponectin ELISA kits for detection in blood sample (Antibody and
Immunoassay Services, Li La Shing Faculty of Medicine, The
University of Hong Kong, Hong Kong) or in hippocampal tissue
(Adipogen Corporation), Chemikine BDNF Sandwich ELISA
Kit (Millipore), and Mouse/Rat IGF-1 Quantikine ELISA Kit
(R & D Systems; Biovendor, Mediagnost).

Culture of Mouse Neuroblastoma Cell Line N2a and Neural Progenitor
Cell. Transformed N2a cell line (ATCC) was maintained in
DMEM high-glucose media containing 10% FBS, 2 mM L-glu-
tamine, and 50 μg/mL gentamicin; cells were 1/5 subcultivated
upon reaching 90% confluence. Passages 4–8 were used in the
present study.
Primary NPCs were isolated from the dentate gyrus of the

hippocampus of theWT or adipo−/−mice described previously (10)
and were maintained in Neurobasal media containing 2% B-27
supplement, 20 ng/mL FGF-2, 20 ng/mL EGF, and 50 μg/mL
gentamicin at 37 °C in a humidified atmosphere of 5% CO2 and
95% air. Upon subculture, neurospheres were dissociated into
a single cell suspension by treatment with TrypLE reagent and
seeded into the Ultralow Attachment flasks (Corning Costar,
Corning) at a density of 2 × 104 cells/mL. All of the reagents used
in cell culture were obtained from Gibco, Invitrogen.

Cell Proliferation Assays. To quantify cell growth of N2a or pro-
genitor cells after treatment, the MTT assay, which examines
mitochondrial metabolic function, and CyQuant cell proliferation
assay (Invitrogen), which quantifies nuclear DNA content, were
adopted. The MTT assay and the CyQuant assay were conducted
following the manufacturer’s recommendation. The trimeric
form of adiponectin (Antibodies and Immunoassays Services,
The University of Hong Kong) was added to cells after overnight
recovery to reach the final concentrations of 0–10 μg/mL, and
assays were carried out 48 h after drug application. For the ex-

periments involving NPCs, the 96-well plates were precoated
with poly-L-ornithine and laminin to minimize cell detachment
during bathing solution change.

RT-PCR. Total RNA isolated from progenitor cells or N2a cells or
hippocampal tissue using the RNeasy Plus Mini Kit (Qiagen) was
digested with DNase I to avoid possible genomic DNA con-
tamination, and was subsequently reverse transcribed into cDNA
templates by TaqMan Reverse Transcription Reagents (Invitrogen)
following the manufacturer’s instructions. PCR was performed with
the Platinum PCR SuperMix reagent (Invitrogen) under the rec-
ommended conditions. Primers used for gene-specific amplifica-
tion are shown in Table S1. PCR products were separated on 1%
agarose gels containing 0.05% ethidium bromide. Bands were vi-
sualized under UV light, sized, and photographed by the Molecular
Imager Gel Doc XR+ System (Bio-Rad). The successfully ampli-
fied products were recovered by gel extraction and further verified
by sequencing in the DNA Sequencing Facility of the University of
Hong Kong.

Real-Time Quantitative PCR. The Taqman Gene expression assay
was performed in quadruplicate for each cDNA sample. Assays
were run with the Premix Ex Taq kit (Takara Biotechnology Co.
Ltd.) on the MyiQ2 Two-Color Real-Time PCR Detection Sys-
tem (Bio-Rad) using the following ramping protocol: 95 °C for
45 s, and 40 cycles of 95 °C for 5 s and 60 °C for 30 s. The 6-
carboxyfluorescein (FAM) labeled dihydrocyclopyrroloindole tri-
peptide minor groove binder (MGB) Taqman probes used in the
assays are listed in Table S2. The expression levels of indicated
genes were all normalized to that of mouse N2a cells after 2-ΔΔCT

calculation, using murine β-actin as the endogenous control.

Confocal Microscopy. N2a cells or neurospheres of WT and
adipo−/− NPCs were seeded on poly-L-lysine-coated coverslips and
allowed to attach firmly to the underlying surface for 4 h before
fixation. Thereafter, cells were fixed with 4% PFA for 15 min and
permeabilized with 0.1% saponin for 10 min, followed by blocking
with 3% BSA-PBS for 1 h. Samples were probed with diluted pri-
mary antibodies in a humidified chamber overnight at 4 °C. Cov-
erslips were rinsed with PBS three times and then incubated with
fluorophore-conjugated secondary antibodies for 1 h. DAPI was
added to counterstain the nuclei fluorescently. Coverslips mounted
with fluorescent mounting medium (DAKO) were observed by
confocal laser scanning microscope (LSM710; Carl Zeiss Micro-
scope). Single layers of 0.5-μm thickness were photographed.

Gene Knockdown by siRNA in N2a Cells. N2a cells were plated into
96-well plates at 1 × 104 per well and permitted to attach to the
bottom overnight. siRNA (10 pmol; Genepharma Co. Ltd.) tar-
geting ADNR1 or ADNR2 (Table S3) was mixed with Lipofect-
amine RNAiMAX Transfection Reagent (0.5 μL; Invitrogen) and
delivered into the cells following the manufacturer’s instructions.
The siRNA transfection was repeated on the third day with or
without adiponectin treatment, and cells were ready for sub-
sequent experiments 48 h after the second transfection to further
enhance the transfection efficiency (Fig. S7).
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Fig. S1. Running distance and locomotor function of WT and adipo−/− mice. (A) Experimental timeline for monitoring the running activity of mice under
various housing conditions and the OFT. (B) The total distance was automatically recorded by the wheel running system during the 2-wk treatments. *Main
effect of housing: P < 0.001. n = 8–12 mice per group. (C and D) The locomotor ability assessed by the moving distance (C) and the average velocity (D) within
the 10-min test session of the OFT was comparable among all groups receiving the pair housing. n = 9–10 mice per group.

Fig. S2. Representative images of immunostaining. The brain samples collected from adipo−/− or WT mice receiving the 2-wk running or nonrunning
treatment as described in Fig. 2A were sectioned coronally into 40-μm slices and subjected to immunostaining. (A and B) Representative images showing the
proliferating (Ki67+) cells (A) or immature neuronal (DCX+) cells (B) in the hippocampal dentate gyrus. (C) Newborn cells differentiated into the neuronal
lineage were identified as those positive for both BrdU and DCX staining (arrows). (Scale bars, 100 μm for A; 50 μm for B and C.)
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Fig. S3. Effects of running on the expression of adiponectin receptors and APPL1 in the hippocampus and adipose tissue of WT mice. (A and B) The hip-
pocampal (A) or abdominal adipose (B) tissues were harvested from C57BL/6J mice receiving the 2-wk running or nonrunning treatment. The total RNA isolated
from homogenized tissues was subjected to real-time PCR quantification for the mRNA expression of ADNR1, ADNR2, and the adaptor protein APPL1. The data
were presented as fold changes over WT nonrunners using β-actin as the internal control. *P < 0.05; **P < 0.005. n = 4 mice per group.

Fig. S4. Unaltered basal proliferation of neural progenitor cells isolated from adipo−/− mice. The passage-matched NPCs isolated from the hippocampi of the
nontreated adipo−/− (KO) or WT mice were seeded at the same density and cultured for 48 h before the MTT assay for quantifying cell proliferation. n = 4
independent experiments for each group.
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Fig. S5. Expression profile of ADNR1, ADNR2, and APPL1 on the N2a cell line and the primary NPCs. The total RNA and protein samples were extracted from
the N2a cell line, as well as the hippocampal NPCs harvested from the nontreated adipo−/− (KO) or WT mice. (A) Presence of the message RNA of ADNR1,
ADNR2, and APPL1 was confirmed by RT-PCR using gene-specific primers. (B) The relative expression levels of the targets were determined by real-time PCR.
(C, Left) Representative immunoblotting images for ADNR1, ADNR2, APPL1, and the loading control β-actin. (C, Right) Semiquantitative analysis for ADNR1,
ADNR2, and APPL1. The data were expressed as fold changes over the N2a cells. n = 4 independent experiments for each assay.
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Fig. S6. Localization of ADNR1 and ADNR2 in the N2a cell line and the primary NPCs. (A and B) The monolayer of N2a cells and the spheres formed by the
primary hippocampal NPCs isolated from the nontreated adipo−/− mice and WT mice were subjected to the immunostaining analysis with anti-ADNR1 (A) or
anti-ADNR2 (B) antibodies, followed by analysis using confocal microscopy. Images were captured at a thickness of 0.5 μm. Nestin is the specific marker for
NPCs. The proteins of ADNR1 (A) and ADNR2 (B) were expressed in these three cell preparations with similar localizations. (Scale bars, 20 μm.)
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Fig. S7. Down-regulating adiponectin receptors by RNA interference in N2a cells. (A–C) N2a cells were transfected with siRNA against ADNR1 (si-Adnr1) or
ADNR2 (si-Adnr2) for a period of 72 h, followed by evaluation of the knockdown efficiency at the mRNA (A) and the protein (B and C) levels by real-time PCR
and semiquantitative immunoblotting, respectively. (C ) Representative images for ADNR1, ADNR2, APPL1, and the loading control β-actin. *P < 0.05 vs.
Scramble controls. n = 4 independent experiments for each assay. Nontreated, cells without transfection; CT, combined transfection with both si-Adnr1
and si-Adnr2.
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Fig. S8. Summary of the findings. (A) The tabulated data showing responses of Adipo−/− mice and WT littermates to the same running treatment in com-
parison with WT nonrunners. (B) The schematic diagram showing the potential neurogenic process in the dentate gyrus after exercise-triggered hippocampal
ADN increase. DG, dentate gyrus; CA3, Cornu Ammonis region 3.

Table S1. Gene-specific primers for RT-PCR

Target Forward primer Reverse primer Product size (bp)

GAPDH TCAACGGCACAGTCAAGG GAAGTCGCAGGAGACAACC 692
β-actin GCTGTCCCTGTATGCCTCT TTGATGTCACGCACGATTT 222
ADNR1 (Pair 1) GAAAGACAACGACTACCTGCTAC CGTCAAGATTCCCAGAAAGAG 154

(Pair 2) AACTGGACTATTCAGGGATTGC ACCATAGAAGTGGACGAAAGC 446
ADNR2 (Pair 1) CCACCATAGGGCAGATAGG TGAACAAAGGCACCAGCAA 169

(Pair 2) CTCCTATGCCTTCCTTTCG AACACTCCTGCTCTGACCC 466
APPL1 (Pair 1) GGTAGCCAGTGACCCTTTAT CTCCTGCCACATCTCCAC 194

(Pair 2) AAGGCTGGATACCTAAATGCT AGAACCAAGGAATCGGACA 687

Table S2. Inventoried Taqman gene expression assays for
real-time PCR from Life Technologies Limited

Target Assay ID of FAM-labeled MGB Probe

β-actin Mm00607939_s1
ADNR1 Mm01291334_mH
ADNR2 Mm01184032_m1
APPL1 Mm00507526_m1

Table S3. Sequences of siRNA

Target Nucleotide sequence (5′ to 3′)

ADNR1 GACUGGCAACAUCUGGACAAA

ADNR2 GCUUAGAGACACCUGUUUGUUAA

Scramble AUUUAACUUCUGGUGACGAUACU
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