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Abstract
Impaired hippocampal neurogenesis is one of the early pathological features of Alzheimer’s disease. Enhancing adult hippocampal neuro-
genesis has been pursued as a potential therapeutic strategy for Alzheimer’s disease. Recent studies have demonstrated that environmental 
novelty activates β2-adrenergic signaling and prevents the memory impairment induced by amyloid-β oligomers. Here, we hypothesized 
that β2-adrenoceptor activation would enhance neurogenesis and ameliorate memory deficits in Alzheimer’s disease. To test this hypothe-
sis, we investigated the effects and mechanisms of action of β2-adrenoceptor activation on neurogenesis and memory in amyloid precursor 
protein/presenilin 1 (APP/PS1) mice using the agonist clenbuterol (intraperitoneal injection, 2 mg/kg). We found that β2-adrenoceptor ac-
tivation enhanced hippocampal neurogenesis, ameliorated memory deficits, and increased dendritic branching and the density of dendritic 
spines. These effects were associated with the upregulation of postsynaptic density 95, synapsin 1 and synaptophysin in APP/PS1 mice. 
Furthermore, β2-adrenoceptor activation decreased cerebral amyloid plaques by decreasing APP phosphorylation at Thr668. These findings 
suggest that β2-adrenoceptor activation enhances neurogenesis and ameliorates memory deficits in APP/PS1 mice.
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Graphical Abstract

Improvement in cognitive disorder after Alzheimer’s disease: neurogenesis enhancement by activating 
β2-adrenoceptors (β2ARs)

Introduction
Alzheimer’s disease (AD) is the most common form of senile 
dementia among older people. This disease is characterized 
by deposition of amyloid-β (Aβ) plaques, accumulation of 
intracellular neurofibrillary tangles, regionalized neuronal 

dysfunction and dendritic degeneration (Ramsden et al., 
2005; Paulson et al., 2008). The clinical manifestations of AD 
include a progressive deterioration of memory, cognitive 
disorders and dementia (Mount and Downton, 2006; Iqbal et 
al., 2014).
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β2-adrenoceptors (β2ARs) are G-protein-coupled receptors 
involved in a wide range of physiological functions ranging 
from control of vascular tone and cardiac performance to 
metabolism and memory formation (Gabilondo et al., 1997). 
The β2AR is expressed in the hippocampus and the cortex 
(Russo-Neustadt and Cotman, 1997), and is required for 
learning and memory (Zhou et al., 2013). Accordingly, the 
role of the β2AR in AD pathogenesis has garnered substan-
tial interest. However, there is much controversy in the field. 
For example, it was reported that chronic treatment with 
β2AR agonists increases Aβ load in transgenic mice, and that 
the use of β2AR blockers decreases acute stress-induced Aβ 
production (Ni et al., 2006). However, activation of the β2AR 
has been shown to enhance long-term potentiation (Gelinas 
and Nguyen, 2005) and overcome the inhibitory effects of 
Aβ on long-term potentiation (Wang et al., 2009; Li et al., 
2013). Therefore, more studies are needed to clarify the role 
of the β2AR in the pathogenesis of AD.

In the present study, we observed that activation of the 
β2AR ameliorated memory deficits, enhanced hippocampal 
neurogenesis, and increased dendritic branches and the 
density of dendritic spines. These effects were associated 
with the upregulation of synaptic protein levels in amyloid 
precursor protein/presenilin 1 double transgenic (APP/PS1) 
mice. Furthermore, chronic treatment with a β2AR agonist 
decreased cerebral amyloid plaques in APP/PS1 mice. These 
results suggest that the β2AR is a potential therapeutic target 
for AD.

Materials and Methods
Animals and drug administration
APP/PS1 mice (specific-pathogen-free, male, 8 months, 30 
± 3 g, n = 20) and wild-type mice (specific-pathogen-free, 
male, 8 months, 30 ± 3 g, n = 10) were purchased from the 
Model Animal Center of Nanjing University of China (certif-
icate No. 201501556; license No. SCXK (Su) 2015-001). The 
APP/PS1 mouse is a double transgenic hemizygote that ex-
presses a chimeric mouse/human amyloid precursor protein 
(Mo/HuAPP695swe) and mutant human presenilin 1 (PS1-
dE9). APP/PS1 mice were intraperitoneally injected with 2 
mg/kg clenbuterol (Sigma-Aldrich, St. Louis, MO, USA) or 
an equal volume of dimethyl sulfoxide in 0.9% saline, as ve-
hicle control, once a day for 2 months, from 8 to 9 months (n 
= 10 in each), once a day, for 4 days. 5-Bromo-2-deoxyuridine 
(BrdU; 100 mg/kg; Sigma-Aldrich) was intraperitoneally ad-
ministered before the Morris water maze test, once daily for 
4 days. All animal experiments were performed according to 
the Policies on the Use of Animals and Humans in Neurosci-
ence Research, revised and approved by the Society for Neu-
roscience in 1995.

Morris water maze test
After treatment with clenbuterol, spatial memory was mea-
sured with the Morris water maze test (Morris, 1984). For 
spatial learning, mice were trained in the water maze to find 
a hidden platform for 5 consecutive days, four trials per 
day with a 10-minute interval from 14:00 to 18:00 p.m. If a 

mouse failed to find the platform within 60 seconds, it was 
guided to the platform by the researcher and kept there for 
10 seconds. On day 6, the platform was removed, and the 
testing session was performed. The pathway and the latency/
length that the mice passed through the previous platform 
quadrant were recorded by a video camera. The camera was 
connected to a digital-tracking device attached to an IBM 
computer loaded with the water maze software (Ethovision, 
Noldus Information Technology, Holland).

Immunohistochemistry
Mice were decapitated after the spatial memory retention 
test. Immunohistochemistry was performed as previously 
described (Chai et al., 2013). Briefly, the mouse brain sec-
tions were blocked in 1% bovine serum albumin/0.3% Triton 
X-100 for 30 minutes, followed by overnight incubation with 
primary antibodies, BrdU, NeuN and doublecortin (DCX), 
at 4°C. Synaptophysin (polyclonal, 1:200) and 4G8 (mono-
clonal, 1:200) were obtained from Millipore (Billerica, MA, 
USA). After washing with PBS, sections were incubated with 
biotin-labeled secondary antibodies for 1 hour at 37°C. The 
immunoreactions were detected by incubating with horse-
radish peroxidase-conjugated antibodies for 1 hour at 37°C, 
and visualized with the diaminobenzidine tetrachloride sys-
tem (brown color). Rhodamine Red-X-conjugated goat an-
ti-rabbit/mouse IgG was purchased from Molecular Probes 
(Eugene, OR, USA). The number of hippocampal dentate 
gyrus neurons was determined by probing for NeuN. The 
images were observed using a microscope (BX60, Olympus, 
Tokyo, Japan) or an epifluorescence microscope (Axioplan2, 
Zeiss, Oberkochen, Germany).

Golgi staining
Mice were decapitated after the spatial memory retention 
test. Golgi staining was performed according to a previous 
report (Chai et al., 2013). Briefly, the mouse brains were fixed 
in situ by perfusion with 400 mL Golgi fixative (0.9% NaCl, 
5% formaldehyde, 5% potassium dichromate, 5% chloral hy-
drate) in the dark, and postfixed for 3 days in the same Golgi 
fixative. The brains were transferred into 2% silver nitrate 
solution and incubated for 3 days. Coronal brain sections 
of hippocampal tissue were cut at 35-μm thickness using a 
vibratome (VT1000S, Leica, Wetzlar, Germany). The images 
were observed on a microscope (BX60, Olympus), and a dig-
ital camera system and Image-Pro Plus 6.0 software (Media 
Cybernetics, Silver Spring, MD, USA) were used for mor-
phometric analysis of digitized images. Using the center of 
the soma as the reference point, dendritic length and branch 
points were measured as a function of radial distance from 
the soma by adding up all values in each successive concentric 
segment (Sholl analysis). For each animal, at least 36 neurons 
were analyzed. Spine quantification was carried out by ob-
servers who were unaware of the experimental conditions.

Western blot assay
Mice were decapitated after the spatial memory retention 
test. The hippocampi were rapidly removed and homoge-
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nized at 4°C using a Teflon glass homogenizer in 50 mM 
Tris-HCl, pH 7.4, 150 mM NaCl, 10 mM NaF, 1 mM Na3VO4, 
5 mM EDTA, 2 mM benzamidine and 1 mM phenylmethyl-
sulfonyl fluoride. The bicinchoninic acid protein detection 
kit was purchased from Pierce Chemical Company (Rock-
ford, IL, USA). The extract was mixed with sample buffer 
(1:9; m/v) containing 200 mM Tris-HCl, pH 7.6, 8% sodium 
dodecyl sulfate, 40% glycerol and 40 mM dithiothreitol, and 
then boiled for 10 minutes. The proteins were separated by 
10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred to nitrocellulose membranes. The 
membranes were blocked with 5% nonfat milk dissolved in 
Tris-buffered saline with Tween (50 mM Tris-HCl, pH 7.6, 
150 mM NaCl, 0.2% Tween-20) for 1 hour and probed with 
primary antibody at 4°C overnight. The primary antibodies 
against synapsin-1 (polyclonal, 1:1,000) and postsynaptic 
density 95 (PSD95) (polyclonal, 1:1,000) were obtained 
from Abcam (Cambridge, UK). PS1 (monoclonal, 1:1,000), 
APP (monoclonal, 1:1,000) and synaptophysin (monoclonal, 
1:1,000) were from Millipore. Phosphorylated APP (p-APP) 
(polyclonal, 1:1,000), DM1A (monoclonal, 1:1,000) and 
β-actin (monoclonal, 1:1,000) were obtained from Cell Sig-
naling Technology (Boston, USA). The blots were incubated 
with anti-mouse or anti-rabbit IgG conjugated to horse-
radish peroxidase (1:5,000; Amersham Pharmacia Biotech, 
Little Chalfont, Buckinghamshire, UK) for 1 hour at 37°C, 

and visualized with enhanced chemiluminescence. Proteins 
were visualized on X-ray film and quantified using Quantity 
One software (Bio-Rad, Hercules, CA, USA). Target protein 
expression was normalized to β-actin (a reference control).

Enzyme-linked immunosorbent assay (ELISA) for Aβ40 
and Aβ42

Mice were decapitated after the spatial memory retention 
test. After assessing Aβ accumulation in the cerebral cortex, 
the concentrations of Aβ40 and Aβ42 in the hippocampal ho-
mogenate were measured using ELISA kits (Thermo Fisher 
Scientific, Waltham, MA USA) according to the manufactur-
er’s directions. Briefly, hippocampal tissue was weighed and 
homogenized at 4°C in the cell extraction buffer provided in 
the kit and supplemented with a protease inhibitor cocktail 
(Sigma-Aldrich). The homogenates in Eppendorf tubes were 
then centrifuged at 13,000 r/minute at 4°C for 10 minutes. 
The concentration of protein in the supernatant was measured 
using the microBCA protein assay (Thermo Fisher Scientific).

Statistical analysis
Data, expressed as the mean ± SD, were analyzed using SPSS 
12.0 software (SPSS, Chicago, IL, USA). We used one-way 
analysis of variance, followed by least significant difference 
post hoc tests or Student’s t-test. P < 0.05 was considered to 
indicate statistical significance.

Figure 1 Activation of β2AR ameliorated memory deficits in APP/PS1 mice.
(A) APP/PS1 mice were intraperitoneally injected with clenbuterol (2 mg/kg/d) or vehicle control (dimethyl sulfoxide) from 8 to 10 months. Spatial 
memory was subsequently assessed. (B) Escape latency to find the hidden platform from the first day to the fifth day. (C–F) The path to find the 
platform area, the escape latency to find the hidden platform, the distance swam in the third quadrant, and the number of crossings of the target 
quadrant within 1 minute after removal of the platform on day 6. Data are expressed as the mean ± SD (n = 10; one-way analysis of variance fol-
lowed by least significant difference post hoc tests). **P < 0.01, vs. Con; #P < 0.05, vs. APP/PS1. mon: Month(s); Con: control; β2AR: β2-adrenocep-
tor; APP/PS1: amyloid precursor protein/presenilin 1; Clen: clenbuterol.
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Figure 2 Activation of β2AR enhances neurogenesis in the dentate gyrus in APP/PS1 mice.
(A) Mice were intraperitoneally injected with BrdU (100 mg/kg/d) for 4 consecutive days. Spatial memory retention was measured after BrdU in-
jection. (B, C) The number of hippocampal DG neurons (NeuN-positive cells); scale bars: 50 µm. (B, D) BrdU-labeled cells in the DG; scale bars: 
50 µm. (B, E) DCX-labeled cells in the DG; scale bars: 50 µm. Data are expressed as the mean ± SD (n = 3; one-way analysis of variance followed by 
least significant difference post hoc tests). **P < 0.01, vs. Con; #P < 0.05, ##P < 0.01, vs. APP/PS1. Con: Control; β2AR: β2-adrenoceptor; APP/PS1: 
amyloid precursor protein/presenilin 1; BrdU: 5-bromo-2-deoxyuridine; DCX: doublecortin; DG: dentate gyrus; Clen: clenbuterol; SGZ: subgranu-
lar zone; GCL: granule cell layer.

Figure 3 Activation of β2AR restores dendritic branches and spine density in the hippocampus.
The mice were sacrificed, and Golgi staining was used to detect the dendrites and spines in the hippocampus. (A) Golgi-stained hippocampal py-
ramidal neurons; scale bars: 50 µm. (B) The number of dendritic branches was quantified from randomly selected neurons (Golgi staining). (C) 
Dendritic spines of different hippocampal pyramidal neurons; scale bars: 10 µm. (D) The number of dendritic spines was quantified from randomly 
selected dendritic segments of neurons (Golgi staining). Data are expressed as the mean ± SD (n = 3; one-way analysis of variance followed by least 
significant difference post hoc tests). **P < 0.01, vs. Con; #P < 0.05, vs. APP/PS1. Con: Control; β2AR: β2-adrenoceptor; APP/PS1: amyloid precur-
sor protein/presenilin 1; Clen: clenbuterol.
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Figure 4 Activation of β2AR increased the levels of synaptic proteins.
(A, B) The levels of synaptophysin, synapsin 1 and PSD95 in the hippo-
campus were assessed by western blot assay and quantitative analysis. 
(C) Synaptophysin level was also measured by immunohistochemistry. 
Scale bar: top: 500 μm; bottom: 50 μm. Data are expressed as the mean 
± SD (n = 3; one-way analysis of variance followed by least significant 
difference post hoc tests). **P < 0.01, vs. Con; #P < 0.05, ##P < 0.01, 
vs. APP/PS1. Con: Control; β2AR: β2-adrenoceptor; APP/PS1: amyloid 
precursor protein/presenilin 1; PSD95: postsynaptic density 95; Clen: 
clenbuterol.

Figure 5 Activation of β2AR reduced Aβ accumulation in APP/PS1 
mice.
(A) Plaques in the cortex, detected by immunostaining with Aβ anti-
body; scale bars: 100 µm. (B) ELISA data showing increased levels of 
Aβ40 and Aβ42 in hippocampal extracts. (C, D) PS1, APP and Thr668-
p-APP levels were evaluated by western blot assay and quantitative 
analysis. Data are expressed as the mean ± SD (n = 3; one-way analysis 
of variance followed by least significant difference post hoc tests). **P 
< 0.01, vs. Con (control); #P < 0.05, ##P < 0.01, vs. APP/PS1. β2AR: 
β2-Adrenoceptor; APP/PS1: amyloid precursor protein/presenilin 1; 
Aβ: amyloid beta; p-APP: phosphorylated APP; DM1A: α-tubulin; Con: 
control; Clen: clenbuterol.

Results
Activation of β2AR attenuated memory deficits in the 
APP/PS1 mice
Previous studies have shown that APP/PS1 mice exhibit Aβ 
accumulation, synaptic deficits and memory impairment at 
8 months (Sadowski et al., 2004). Therefore, we started to 
inject the mice with clenbuterol at 8 months of age, and we 
examined changes in memory function at 10 months of age 
(Figure 1A). The Morris water maze test was performed to 
explore the effects of clenbuterol on spatial memory deficits 
in APP/PS1 mice. The latency to finding the hidden plat-
form was significantly increased in APP/PS1 mice compared 
with the control mice (Figure 1B; P < 0.01). Treatment with 
clenbuterol attenuated memory deficits in the APP/PS1 
mice (Figure 1B; P < 0.01). The memory deficits in APP/

PS1 mice were also observed after removing the platform on 
day 6 (Figure 1C–F; P < 0.01). Greater latency to the target 
quadrant, reduced distance traveled in the target quadrant, 
and fewer crossings of the target quadrant were observed in 
APP/PS1 mice, compared with the controls (Figure 1C–F; P 
< 0.01). β2AR activation by clenbuterol effectively attenuated 
the memory deficits in these mice (P < 0.05).

Activation of β2AR enhanced neurogenesis in the dentate 
gyrus in APP/PS1 mice
To explore the involvement of neurogenesis in the β2AR 
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activation-induced memory improvement, the mice were 
injected with BrdU for 4 days before the Morris water maze 
test (Figure 2A). Neuronal density was assessed using the 
neuronal marker NeuN. Neuronal loss was apparent in the 
APP/PS1 mice (Figure 2B–C; P < 0.01). However, neuronal 
density in the clenbuterol-treated APP/PS1 mice was similar 
to that in control mice (Figure 2B–C; P < 0.05).

The number of BrdU-positive cells in the hippocampal 
dentate gyrus was greatly reduced in APP/PS1 mice com-
pared with wild-type (Figure 2B, D; P < 0.01). However, sig-
nificantly increased immunoreactivity to BrdU was detected 
in clenbuterol-treated mice (Figure 2B, D; P < 0.01).

DCX is a marker of immature neurons and neurite ex-
tension (Kempermann et al., 2004). By analyzing the num-
ber of DCX-positive cells in the dentate gyrus, we found 
that β2AR activation significantly increased the number of 
immature neurons and/or dendritic arborization in APP/
PS1 mice (Figure 2B, E; P < 0.01). These data confirm the 
key role of neurogenesis in spatial memory and suggest 
that β2AR activation enhances neurogenesis in the adult 
hippocampus.

β2AR activation restored dendritic branches and spine 
density in the hippocampus
To investigate the mechanisms underlying the β2AR activa-
tion-mediated attenuation of memory deficits in APP/PS1 
mice, the average number of dendritic branches and den-
dritic spine density in pyramidal neurons in the hippocam-
pus were analyzed by Golgi staining. The average number 
of dendritic branches was significantly reduced in APP/PS1 
mice (Figure 3A, B; P < 0.01). β2AR activation restored the 
number of dendritic branches in these mice (Figure 3A, B; 
P < 0.05). We further investigated whether β2AR activation 
affects the formation of dendritic spines, which indirectly 
reflects the presence of synapses (Tronel et al., 2010). Con-
sistently, spine density in CA1 neurons was significantly 
reduced in APP/PS1 mice compared with the control mice 
(Figure 3C, D; P < 0.01). This reduction in dendritic spine 
density was effectively prevented by clenbuterol in APP/
PS1 mice (Figure 3C, D; P < 0.05). Thus, these changes in 
dendritic branching and spine density might account for 
the improved memory in the clenbuterol-treated APP/PS1 
mice.

Activation of β2AR increased the levels of synapse- 
associated proteins
Synaptic loss is an early event in AD, and it is also observed 
in APP/PS1 mice (Bigio et al., 2002). To elucidate the molec-
ular mechanisms underlying the β2AR-mediated improve-
ment of the memory deficit, the expression levels of several 
synaptic proteins were assessed by western blot assay. Clen-
buterol treatment prevented the decrease in synaptophysin, 
synapsin 1 and PSD95 levels in the brain (Figure 4A, B; 
synaptophysin, P < 0.05; synapsin 1, P < 0.01; PSD95, P < 
0.01). The significantly elevated immunohistochemical stain-
ing for synaptophysin in APP/PS1 mice also demonstrates 
that β2AR activation prevents the synaptic loss in APP/PS1 

mice (Figure 4C). These results suggest that β2AR activation 
protects synapses, and that changes in memory-associated 
proteins might partially underlie the improved learning and 
memory in the mice.

Activation of β2AR reduced Aβ accumulation in APP/PS1 
mice
Previous studies have demonstrated that APP/PS1 mice 
show Aβ accumulation at 8 months (Kiyota et al., 2009; 
Liao et al., 2014). Therefore, we started to treat the mice 
with clenbuterol at 8 months of age, and we measured the 
changes in Aβ levels at 10 months of age. Clenbuterol treat-
ment for 2 months decreased Aβ accumulation in APP/PS1 
mice (Figure 5A). ELISA showed that the levels of Aβ40 and 
Aβ42 were significantly increased in APP/PS1 mice (Figure 
5B; Aβ40, P < 0.01; Aβ42, P < 0.01), and that β2AR activa-
tion reduced Aβ40/42 levels (Figure 5B; Aβ40, P < 0.05; Aβ42, 
P < 0.05).

To clarify the mechanisms underlying the inhibition of 
Aβ production, we assessed changes in PS-1 and APP in 
APP/PS1 mice by western blot assay. However, we did not 
observe any significant difference between the two groups 
(Figure 5C, D; P > 0.05). We then measured the levels of 
p-APP (pThr668), because phosphorylation at this site has 
been reported to facilitate Aβ production (Shin et al., 2007). 
Compared with the control mice, a significant increase in 
APP phosphorylation was observed in APP/PS1 mice. This 
change was largely suppressed by β2AR activation (Figure 
5C, D; P < 0.01). Taken together, these findings suggest that 
β2AR activation attenuates Aβ production in APP/PS1 mice 
by reducing APP phosphorylation at Thr668.

Discussion
In the present study, we found that β2AR activation enabled 
the recovery of memory deficits in APP/PS1 mice. Activation 
of β2AR in APP/PS1 mice substantially enhanced neurogen-
esis in the dentate gyrus, rescued the loss of neuronal den-
dritic branches and spines, and upregulated synaptic protein 
levels. Notably, β2AR activation decreased Aβ accumulation 
by reducing APP phosphorylation. Our findings suggest that 
β2AR might be a novel target for AD treatment.

Thomas et al. (1996) showed that β2AR activation was 
required for normal learning and memory, which was 
confirmed in vitro. Our present results are consistent with 
previous studies in animal models, where β2AR activation 
positively modulated memory formation and consolidation 
(Gibbs et al., 2010; Zhou et al., 2013). Furthermore, Li et al. 
(2013) reported that β2AR activation prevented the Aβ-in-
duced impairment of hippocampal long-term potentiation. 
Our data are consistent with these observations, as we found 
that β2AR activation alleviated the memory impairment in 
the APP/PS1 mice (Roozendaal et al., 2008).

Impaired neurogenesis strongly correlates with memory 
impairment in AD (Wen et al., 2004; Faure et al., 2011; Yan 
et al., 2014). Adult neurogenesis in the hippocampal den-
tate gyrus contributes to the formation of memories (Deng 
et al., 2010; Murai et al., 2014). The enhancement of hip-
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pocampal neurogenesis has been associated with learning 
and memory (Deng et al., 2010). Moreover, the promotion 
of hippocampal neurogenesis facilitates spatial memory 
formation (Lepousez et al., 2015). Morphological analyses 
indicate that newly-generated neurons extend axonal and 
dendritic projections and functionally integrate into exist-
ing circuits by forming excitatory synapses with their tar-
gets (van Praag et al., 2002; Deshpande et al., 2013). Adult 
neurogenesis partially compensates for the neuronal loss in 
neurological disorders, including AD, and is important for 
memory (Davies and Maloney, 1976). Faure et al. (2011) 
found that Aβ accumulation hinders neuronal prolifera-
tion in the adult hippocampus, and impaired neurogenesis 
strongly correlates with cognitive impairments in AD trans-
genic mice and AD patients.

To explore the effect of clenbuterol on neurogenesis in 
APP/PS1 mouse, we intraperitoneally injected BrdU for 
4 days to label the cells undergoing mitosis. We observed 
enhanced proliferation and survival of newborn neurons in 
clenbuterol-treated APP/PS1 mice. This may at least partially 
contribute to the attenuation of memory impairment in the 
APP/PS1 mice treated with the β2AR agonist.

Synaptic plasticity, which can be assessed by examin-
ing changes in dendritic morphology, is a prerequisite for 
learning and memory (Matsuo et al., 2008). In the hippo-
campus, synapses in the basal CA1 mainly receive inputs 
from the CA3, and the CA3–CA1 projection has been 
widely studied because of its key role in memory (Attardo 
et al., 2015). Prior work has illustrated that inactivation of 
the CA1 region impairs retrieval of spatial memory in the 
Morris water maze (Stackman et al., 2016). By assessing 
changes in branches and spines of dendrites in the CA1 in 
the dorsal hippocampus, we found that β2AR activation 
suppressed the reduction in dendritic branches and spine 
density in APP/PS1 mice.

PSD95 is a key regulator of the structure and function of 
dendritic spines, and is associated with hippocampal syn-
aptic plasticity in the brain (Engert and Bonhoeffer, 1999). 
We observed that β2AR activation increased PSD95 levels 
in APP/PS1 mice. Presynaptic release of neurotransmitters 
involves synaptic vesicle-associated proteins, including syn-
aptophysin and synapsin I, which are considered markers of 
synaptic plasticity in neural networks (Pieribone et al., 1995; 
Slutsky et al., 2010). We observed that β2AR activation atten-
uated the decrease in expression of synapse-associated pro-
teins. Therefore, these morphological and molecular changes 
might underlie the improvement of memory deficits in APP/
PS1 mice produced by β2AR activation.

Aβ, a key pathogenic factor in AD, aggregates to form 
neurotoxic oligomers or insoluble deposits of plaques in the 
brains of affected individuals, and contributes to the loss of 
synaptic function as well as cognitive impairment (Li et al., 
2014). Aβ is generated by the consecutive cleavage of APP 
by two proteases, β-secretase and γ-secretase (presenilin, 

PS1/PS2) (Dingwall, 2001; Nishitomi et al., 2006). Overex-
pression of APP and PS1 increases Aβ production in APP/
PS1 mice. In the present study, although the levels of Aβ40 
and Aβ42 were decreased in APP/PS1 mice treated with clen-
buterol, the total levels of APP and PS1 were not changed. 
This suggests that other changes, such as in APP phosphor-
ylation, might be involved. Because APP phosphorylation at 
Thr668 promotes Aβ production (Lee et al., 2003), we mea-
sured changes in pThr668-APP. We found that β2AR activa-
tion by clenbuterol significantly reduced APP phosphoryla-
tion in the transgenic mice. Accordingly, we speculate that 
activation of β2AR with clenbuterol decreases Aβ production 
by reducing APP phosphorylation at Thr668.

Recent studies have found that Aβ can bind to β2AR, di-
rectly enhancing β-secretase activity, and further increasing 
Aβ production (Ni et al., 2006; Branca et al., 2014). It is likely 
that β2AR activation by clenbuterol might interrupt the Aβ–
β2AR pathway, thereby reducing Aβ production and neuro-
nal excitotoxicity in APP/PS1 mice. The harmful effects of 
β2AR dysregulation by Aβ are therefore inhibited, decreasing 
PS1 activity and further lowering Aβ production.

In summary, β2AR activation enhances hippocampal neu-
rogenesis, ameliorates cognitive deficits, and increases den-
dritic branches and spine density, along with the upregula-
tion of synaptic protein levels. β2AR activation may decrease 
Aβ accumulation by decreasing APP phosphorylation at 
Thr668 in APP/PS1 mice. Based on the critical roles of β2AR 
in hippocampal neurogenesis, memory and AD pathogen-
esis, pharmacologically targeting this receptor might have 
therapeutic potential for AD.

Author contributions: GSC and PZ designed the study and wrote the 
paper. YYW and AY performed experiments. GSC and YYW analyzed 
data. All authors approved the final version of the paper.
Conflicts of interest: None declared.
Plagiarism check: This paper was screened twice using CrossCheck to 
verify originality before publication.
Peer review: This paper was double-blinded and stringently reviewed by 
international expert reviewers.

References
Attardo A, Fitzgerald JE, Schnitzer MJ (2015) Impermanence of den-

dritic spines in live adult CA1 hippocampus. Nature 523:592-596.
Bigio EH, Hynan LS, Sontag E, Satumtira S, White CL (2002) Synapse 

loss is greater in presenile than senile onset Alzheimer disease: im-
plications for the cognitive reserve hypothesis. Neuropathol Appl 
Neurobiol 28:218-227.

Branca C, Wisely EV, Hartman LK, Caccamo A, Oddo S (2014) Ad-
ministration of a selective beta2 adrenergic receptor antagonist ex-
acerbates neuropathology and cognitive deficits in a mouse model of 
Alzheimer’s disease. Neurobiol Aging 35:2726-2735.

Chai GS, Jiang X, Ni ZF, Ma ZW, Xie AJ, Cheng XS, Wang Q, Wang JZ, 
Liu GP (2013) Betaine attenuates Alzheimer-like pathological chang-
es and memory deficits induced by homocysteine. J Neurochem 
124:388-396.

Davies P, Maloney AJ (1976) Selective loss of central cholinergic neu-
rons in Alzheimer’s disease. Lancet 2:1403.

Deng W, Aimone JB, Gage FH (2010) New neurons and new memories: 
how does adult hippocampal neurogenesis affect learning and mem-
ory? Nat Rev Neurosci 11:339-350.



1624

Chai GS, et al. / Neural Regeneration Research. 2016;11(10):1617-1624.

Deshpande A, Bergami M, Ghanem A, Conzelmann KK, Lepier A, 
Gotz M, Berninger B (2013) Retrograde monosynaptic tracing 
reveals the temporal evolution of inputs onto new neurons in the 
adult dentate gyrus and olfactory bulb. Proc Natl Acad Sci U S A 
110:E1152-1161.

Dingwall C (2001) Spotlight on BACE: the secretases as targets for 
treatment in Alzheimer disease. J Clin Invest 108:1243-1246.

Engert F, Bonhoeffer T (1999) Dendritic spine changes associated with 
hippocampal long-term synaptic plasticity. Nature 399:66-70.

Faure A, Verret L, Bozon B, El TETN, Ly M, Kober F, Dhenain M, Ram-
pon C, Delatour B (2011) Impaired neurogenesis, neuronal loss, and 
brain functional deficits in the APPxPS1-Ki mouse model of Alzhei-
mer’s disease. Neurobiol Aging 32:407-418.

Gabilondo AM, Hegler J, Krasel C, Boivin-Jahns V, Hein L, Lohse MJ 
(1997) A dileucine motif in the C terminus of the beta2-adrenergic 
receptor is involved  in receptor internalization. Proc Natl Acad Sci 
U S A 94:12285-12290.

Gelinas JN, Nguyen PV (2005) Beta-adrenergic receptor activation 
facilitates induction of a protein synthesis-dependent late phase of 
long-term potentiation. J Neurosci 25:3294-3303.

Gibbs ME, Hutchinson DS, Summers RJ (2010) Noradrenaline release 
in the locus coeruleus modulates memory formation and consolida-
tion; roles for alpha- and beta-adrenergic receptors. Neuroscience 
170:1209-1222.

Iqbal K, Kazim SF, Bolognin S, Blanchard J (2014) Shifting balance 
from neurodegeneration to regeneration of the brain: a novel thera-
peutic approach to Alzheimer’s disease and related neurodegenera-
tive conditions. Neural Regen Res 9:1518-1519.

Kempermann G, Jessberger S, Steiner B, Kronenberg G (2004) Mile-
stones of neuronal development in the adult hippocampus. Trends 
Neurosci 27:447-452.

Kiyota T, Yamamoto M, Schroder B, Jacobsen MT, Swan RJ, Lambert 
MP, Klein WL, Gendelman HE, Ransohoff RM, Ikezu T (2009) 
AAV1/2-mediated CNS gene delivery of dominant-negative CCL2 
mutant suppresses gliosis, beta-amyloidosis, and learning impair-
ment of APP/PS1 mice. Mol Ther 17:803-809.

Lee MS, Kao SC, Lemere CA, Xia W, Tseng HC, Zhou Y, Neve R, Ahli-
janian MK, Tsai LH (2003) APP processing is regulated by cytoplas-
mic phosphorylation. J Cell Biol 163:83-95.

Lepousez G, Nissant A, Lledo PM (2015) Adult neurogenesis and the 
future of the rejuvenating brain circuits. Neuron 86:387-401.

Li J, Wang F, Ding H, Jin C, Chen J, Zhao Y, Li X, Chen W, Sun P, Tan Y, 
Zhang Q, Wang X, Fan A, Hua Q (2014) Geniposide, the component 
of the Chinese herbal formula Tongluojiunao, protects amyloid-β 
(Aβ)1-42-mediated death of hippocampal neurons via the non-clas-
sical estrogen signaling pathway. Neural Regen Res 9:474-480.

Li S, Jin M, Zhang D, Yang T, Koeglsperger T, Fu H, Selkoe DJ (2013) 
Environmental novelty activates beta2-adrenergic signaling to pre-
vent the impairment of hippocampal LTP by Abeta oligomers. Neu-
ron 77:929-941.

Liao F, Hori Y, Hudry E, Bauer AQ, Jiang H, Mahan TE, Lefton KB, 
Zhang TJ, Dearborn JT, Kim J, Culver JP, Betensky R, Wozniak DF, 
Hyman BT, Holtzman DM (2014) Anti-ApoE antibody given after 
plaque onset decreases Abeta accumulation and improves brain 
function in a mouse model of Abeta amyloidosis. J Neurosci 34:7281-
7292.

Matsuo N, Reijmers L, Mayford M (2008) Spine-type-specific recruit-
ment of newly synthesized AMPA receptors with learning. Science 
319:1104-1107.

Morris R (1984) Developments of a water-maze procedure for studying 
spatial learning in the rat. J Neurosci Methods 11:47-60.

Mount C, Downton C (2006) Alzheimer disease: progress or profit? Nat 
Med 12:780-784.

Murai K, Qu Q, Sun G, Ye P, Li W, Asuelime G, Sun E, Tsai GE, Shi Y 
(2014) Nuclear receptor TLX stimulates hippocampal neurogenesis 
and enhances learning and memory in a transgenic mouse model. 
Proc Natl Acad Sci U S A 111:9115-9120.

Ni Y, Zhao X, Bao G, Zou L, Teng L, Wang Z, Song M, Xiong J, Bai Y, 
Pei G (2006) Activation of beta2-adrenergic receptor stimulates gam-
ma-secretase activity and accelerates amyloid plaque formation. Nat 
Med 12:1390-1396.

Nishitomi K, Sakaguchi G, Horikoshi Y, Gray AJ, Maeda M, Hirata-Fu-
kae C, Becker AG, Hosono M, Sakaguchi I, Minami SS, Nakajima Y, 
Li HF, Takeyama C, Kihara T, Ota A, Wong PC, Aisen PS, Kato A, 
Kinoshita N, Matsuoka Y (2006) BACE1 inhibition reduces endog-
enous Abeta and alters APP processing in wild-type mice. J Neuro-
chem 99:1555-1563.

Paulson JB, Ramsden M, Forster C, Sherman MA, McGowan E, Ashe 
KH (2008) Amyloid plaque and neurofibrillary tangle pathology 
in a regulatable mouse model of Alzheimer’s disease. Am J Pathol 
173:762-772.

Pieribone VA, Shupliakov O, Brodin L, Hilfiker-Rothenfluh S, Czernik 
AJ, Greengard P (1995) Distinct pools of synaptic vesicles in neu-
rotransmitter release. Nature 375:493-497.

Ramsden M, Kotilinek L, Forster C, Paulson J, McGowan E, SantaCruz 
K, Guimaraes A, Yue M, Lewis J, Carlson G, Hutton M, Ashe KH 
(2005) Age-dependent neurofibrillary tangle formation, neuron loss, 
and memory impairment in a mouse model of human tauopathy 
(P301L). J Neurosci 25:10637-10647.

Roozendaal B, Castello NA, Vedana G, Barsegyan A, McGaugh JL (2008) 
Noradrenergic activation of the basolateral amygdala modulates 
consolidation of object recognition memory. Neurobiol Learn Mem 
90:576-579.

Russo-Neustadt A, Cotman CW (1997) Adrenergic receptors in Alzhei-
mer’s disease brain: selective increases in the cerebella of aggressive 
patients. J Neurosci 17:5573-5580.

Sadowski M, Pankiewicz J, Scholtzova H, Ji Y, Quartermain D, Jensen 
CH, Duff K, Nixon RA, Gruen RJ, Wisniewski T (2004) Amyloid-be-
ta deposition is associated with decreased hippocampal glucose 
metabolism and spatial memory impairment in APP/PS1 mice. J 
Neuropathol Exp Neurol 63:418-428.

Shin RW, Ogino K, Shimabuku A, Taki T, Nakashima H, Ishihara T, 
Kitamoto T (2007) Amyloid precursor protein cytoplasmic domain 
with phospho-Thr668 accumulates in Alzheimer’s disease and its 
transgenic models: a role to mediate interaction of Abeta and tau. 
Acta Neuropathol 113:627-636.

Slutsky I, Abumaria N, Wu LJ, Huang C, Zhang L, Li B, Zhao X, Govin-
darajan A, Zhao MG, Zhuo M, Tonegawa S, Liu G (2010) Enhance-
ment of learning and memory by elevating brain magnesium. Neu-
ron 65:165-177.

Stackman RJ, Cohen SJ, Lora JC, Rios LM (2016) Temporary inactiva-
tion reveals that the CA1 region of the mouse dorsal hippocampus 
plays an equivalent role in the retrieval of long-term object memory  
and spatial memory. Neurobiol Learn Mem 133:118-128.

Thomas MJ, Moody TD, Makhinson M, O’Dell TJ (1996) Activity-de-
pendent beta-adrenergic modulation of low frequency stimulation 
induced LTP in the hippocampal CA1 region. Neuron 17:475-482.

Tronel S, Fabre A, Charrier V, Oliet SH, Gage FH, Abrous DN (2010) 
Spatial learning sculpts the dendritic arbor of adult-born hippocam-
pal neurons. Proc Natl Acad Sci U S A 107:7963-7968.

van Praag H, Schinder AF, Christie BR, Toni N, Palmer TD, Gage FH 
(2002) Functional neurogenesis in the adult hippocampus. Nature 
415:1030-1034.

Wang QW, Rowan MJ, Anwyl R (2009) Inhibition of LTP by beta-am-
yloid is prevented by activation of beta2 adrenoceptors and stimula-
tion of the cAMP/PKA signalling pathway. Neurobiol Aging 30:1608-
1613.

Wen PH, Hof PR, Chen X, Gluck K, Austin G, Younkin SG, Younkin 
LH, De Gasperi R, Gama SM, Robakis NK, Haroutunian V, Elder GA 
(2004) The presenilin-1 familial Alzheimer disease mutant P117L 
impairs neurogenesis in  the hippocampus of adult mice. Exp Neurol 
188:224-237.

Yan Y, Ma T, Gong K, Ao Q, Zhang X, Gong Y (2014) Adipose-derived 
mesenchymal stem cell transplantation promotes adult neurogenesis 
in the brains of Alzheimer’s disease mice. Neural Regen Res 9:798-
805.

Zhou HC, Sun YY, Cai W, He XT, Yi F, Li BM, Zhang XH (2013) Acti-
vation of beta2-adrenoceptor enhances synaptic potentiation and be-
havioral memory via cAMP-PKA signaling in the medial prefrontal 
cortex of rats. Learn Mem 20:274-284.

Copyedited by Patel B, Robens J, Wang J, Qiu Y, Li CH, Song LP, Zhao M


