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SUMMARY

Aims: Our previous studies showed that L-3-n-butylphthalide (L-NBP), an extract from

seeds of Apium graveolens Linn (Chinese celery), improved cognitive ability in animal

models of cerebral ischemia, vascular dementia, and Alzheimer’s disease (AD). It is well

known that cognitive deficit of AD is caused by synaptic dysfunction. In this study, we

investigated the effect of L-NBP on hippocampal synaptic function in APP/PS1 AD trans-

genic mice and related mechanisms. Methods: Eighteen-month-old APP/PS1 transgenic

(Tg) mice were administrated 15 mg/kg L-NBP by oral gavage for 3 months. Synaptic mor-

phology and the thickness of postsynaptic density (PSD) in hippocampal neurons were

investigated by electron microscope. The dendritic spines, Ab plaques, and glial activation

were detected by staining. The expressions of synapse-related proteins were observed by

Western blotting. Results: L-NBP treatment significantly increased the number of synapses

and apical dendritic thorns and the thickness of PSD, increased the expression levels of

synapse-associated proteins including PSD95, synaptophysin (SYN), b-catenin, and GSK-

3b, and attenuated Ab plaques and neuroinflammatory responses in aged APP/PS1 Tg mice.

Conclusion: L-NBP may restore synaptic and spine function in aged APP Tg mice through

inhibiting Ab plaques deposition and neuroinflammatory response. Wnt/b-catenin signal-

ing pathway may be involved in L-NBP-related restoration of synaptic function.

Introduction

Alzheimer’s disease (AD) is regarded as the major cause of demen-

tia among elderly people. Multiple pathological factors have been

found in the postmortem brains of patients with AD, such as Ab
plaques, tau-protein tangles, neuroinflammation, neuron loss,

and synapse loss. However, the etiology and pathogenesis of AD

still remain unknown [1]. At present, the therapeutic options for

AD mainly include the acetylcholine esterase inhibitors and the

NMDA receptor antagonist [2], which offer symptomatic improve-

ment instead of effective cure or prevention. With the failure of

clinical trials targeting Ab, including semagacestat [3,4], bap-

ineuzumab [5], and solanezumab [6], it is important to critically

re-examine the design strategy of single-target drug based on

amyloid hypothesis. The researchers have become increasingly

aware that a compound simultaneously targeting multiple risk

factors of AD would be potentially useful to halt the progression of

the multifactorial diseases [7].

L-3-n-butylphthalide (L-NBP) is a small molecule compound

extracted from seeds of Apium graveolens Linn, Chinese celery,

and its chemical structure is shown in Figure 1. Recently, racemic

dl-3-n-butylphthalide (dl-NBP) has been approved as a drug for

stroke treatment by China Food and Drug Administration. Inter-

estingly, it has been reported that L-NBP has more potent neuro-

protective functions than dl-NBP. L-NBP could reverse cognitive

impairment in AD animal models [8–11] and reduce Ab levels in

APP transgenic mice [10] as well as in neuroblastoma SK-N-SH

cells overexpressing wild-type human APP695 [12]. L-NBP also

decreased neuronal loss induced by Ab in primary cultured neu-

rons and neuroblastoma SH-SY5Y cells [13–15]. Moreover, L-NBP

promoted hippocampal neurogenesis and improved behavioral

recovery after cerebral ischemia in rats [16]. These findings sug-

gested that L-NBP might be a potential multifunctional drug can-

didate for AD.

Increasing evidence has shown a correlation between synaptic

loss and cognitive decline in AD [17–21]. As the hub of cognition

[22,23], the hippocampus is the principal focus of synaptic failure

in AD. The loss of dendritic spines was apparent in the hippocampi

of postmortem AD brains [24].

Although L-NBP treatment showed promising effects at an early

stage of AD, it is unclear whether L-NBP could affect the synaptic

plasticity in late stage of AD with well-developed plaques. In this
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study, we investigated the effect of L-NBP on hippocampal synap-

tic plasticity in aged APP/PS1 transgenic mice. L-NBP improved

synaptic dysfunction, reduced neuron loss, and restored spine

density deficits in aged transgenic mice displaying severe Ab
pathology. In addition, there was a significant reduction on plaque

burden and microgliosis in aged transgenic mice after L-NBP treat-

ment. Interestingly, L-NBP upregulated the levels of PSD95, SYN,

and b-catenin. Overall, these results suggested that L-NBP might

be a potential therapeutic option for AD.

Materials and Methods

Animals and Treatment

L-NBP (purity > 98.5%) was obtained from Institute of Materia

Medica and diluted in vegetable oil at a concentration of 3 mg/

mL. APP/PS1 double-transgenic mice were obtained from Jackson

Laboratory (strain name B6C3-Tg(APPswe, PSEN1dE9) 85Dbo/J)

[25]. Mice were housed in plastic cages at 23 � 1°C with a 12-h

light/dark cycle and free access to water and food. All experiments

were approved and performed in accordance with the institutional

guidelines of the Experimental Animal Center of the Chinese

Academy of Medical Science (Beijing, China).

Eighteen-month-old male APP/PS1 transgenic mice and age-

matched wild-type mice were randomly divided into three groups:

control-treated wild-type mice, control-treated APP/PS1 mice,

and L-NBP-treated APP/PS1 mice. L-NBP-treated group received

L-NBP by oral gavage once daily for 3 months at a dose of 15 mg/

kg body weight. Control-treated groups received vegetable oil

alone. The general health of all the mice was monitored daily. The

body weight of each mouse was recorded every week. Finally, 6

(WT control), 7 (Tg control), and 8 (Tg L-NBP) mice were used to

perform the experiments.

Electron Microscopy

The mice were anesthetized, and the brains were taken out. The

hippocampus was dissected from left hemispheres. The right

hemisphere was used for immunohistochemical staining. The

CA1 and CA3 hippocampal sections were sliced into 1-mm slices.

They were postfixed with 2.5% glutaraldehyde/2% paraformalde-

hyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 2 h, washed

with 0.1 M PBS for three times (10 min each), and then exposed

to 1% osmium tetroxide for 2 h. After several subsequent washes

with water, the tissues were dehydrated with gradient alcohol

(2 9 10 min 50%, 2 9 10 min 70%, 2 9 10 min 90%,

2 9 10 min 100%). Then, the sections were embedded in epon

resin, and the randomly selected ultrathin sections were stained

with uranyl acetate and lead citrate. To quantify the number of

synapses and measure the thickness of PSD, three slides per ani-

mal and three fields within CA1 and CA3 area per slide were ran-

domly chosen. Each field was imaged with 20,0009 and 50,0009

magnification using a transmission electron microscope (H-7650;

HITACHI, Tokyo, Japan). The number of synapses and the thick-

ness of PSD in hippocampus CA1 and CA3 were analyzed by an

experimenter blind to treatment and genotype using Image Pro

Plus 6.0 software (Media Cybernetics Inc., Bethesda, MD, USA)

from 15 photographs per mouse.

Golgi Staining for Dendritic Spines

Golgi staining was performed using the Rapid Golgi Staining Kit

(FD Neuro Technologies, Columbia, NY, USA) according to the

manufacturer’s instructions. The tissue blocks were prepared with

the mixture of solutions A and B equally at room temperature for

2 weeks in the dark, and then transferred to solution C at 4°C

and kept for at least 2 days and up to 7 days. During this period,

solutions AB and C were renewed within the first 24 h. The

brains were rapidly frozen and sliced into sagittal sections at

200 lm thickness using a Leica microtome (Leica RM 2135; Wet-

zlar, Germany). Each section was mounted onto gelatin-coated

glass slides using solution C and allowed to dry at room tempera-

ture. The tissue sections were stained according to the manufac-

turer’s protocol. The image of secondary and tertiary apical

dendrites of hippocampal pyramidal neurons in CA1 and DG was

viewed using bright field microscopy. The number of apical spines

on hippocampal CA1 pyramidal neurons and DG neurons was

counted by an experimenter blind to genotype and treatment

group. Only neurons with a clear mushroom-like body and a dis-

tinctive shaft, impregnated fully, and no obvious truncated den-

drites were included. For each group, at least twelve randomly

chosen neurons were analyzed. The second- or third-order den-

dritic branches were selected for quantitative analysis. The num-

ber of spines was determined per micrometer of dendritic length

from 10 photographs per mouse under 10009 magnification in

the digitized images. The spine density was expressed as the num-

ber of thorns/10 lm of dendrite.

Immunofluorescence Staining

The OCT-embedded blocks were cut serially on a Leica microtome

into 40-lm thick sagittal sections. For the staining of Ab plaque

and glial, the sections were incubated with 10% normal donkey

serum to block nonspecific binding, followed by an overnight

incubation with the primary antibodies, 6E10 (1:500, Covance,

Princeton, NJ, USA) and anti-Iba1 (1:200; Wako Pure Chemical

Industries, Ltd., Chuo-ku, Japan) at 4°C. After washing, the sec-

tions were incubated with secondary antibodies, including Alexa

Fluor 488-conjugated donkey anti-mouse IgG (1:200; Thermo

Fisher Scientific, Waltham, MA, USA) and Alexa Fluor 594-

conjugated donkey anti-rat IgG (1:200; Thermo Fisher Scientific)

for 2 h at room temperature. The sections were rinsed and

Figure 1 The chemical structure of L-NBP.
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transferred on slides, and the cover slipped in an antifading agent.

The images were acquired using a Nikon camera mounted on a

Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan) and analyzed

using Image Pro Plus 6.0 software. The threshold of detection was

held constantly during analysis. The percentage of Ab-occupied
area in the whole hippocampal area was calculated for 4–6

equidistant sections per mouse.

Western Blotting Analysis

Equal amounts of protein (60 lg) per lane were loaded and per-

formed electrophoresis, and then transferred to polyvinylidene

fluoride membranes. The membrane was blocked with 5% nonfat

milk for 2 h, and then incubated with the following primary anti-

bodies overnight at 4°C (anti-SYN (1:2000; Abcam, Cambridge,

UK), anti-PSD95 (1:1000; Cell Signaling Technology, Danvers

MA, USA), anti-b-catenin (1:1000; Cell Signaling Technology),

and anti-GSK-3b (Ser9) (1:1000; Cell Signaling Technology)). The

membranes were rinsed in Tris-buffered saline (TBS) with 0.1%

Tween-20 (TBS-T), incubated with horseradish peroxidase-conju-

gated secondary antibodies at room temperature for 1 h, and

detected using an enhanced chemiluminescence (ECL) kit. Den-

sitometric evaluation was analyzed using the Quantity One image

analysis software (Bio-Rad, Hercules, CA, USA). Actin was used as

a loading control.

Statistical Analysis

All data were expressed as mean � the standard error of the

means (SEM). One-way analysis of variance (ANOVA) followed

by post hoc LSD test was used for multiple comparisons (SPSS ver-

sion 16.0, SPSS Inc., Chicago, IL, USA). Statistical significance was

set to a value of P < 0.05.

Results

L-NBP Increased the Number of Synapses and
the Thickness of PSD in Hippocampal CA1 and
CA3 Areas of APP/PS1 Mice

To explore the effect of L-NBP on synapse function, we examined

the number of synapses and the thickness of PSD using electron

microscopy. Only synapses with clearly identifiable postsynaptic

density, synaptic cleft, and presynaptic vesicles were counted. A

single synapse was identified when a single presynaptic terminal

was associated with multiple postsynaptic density on the same

postsynaptic element. However, it was counted as more than one

synapse, if a presynaptic terminal clearly formed synapses with

more than one postsynaptic element [26]. The results showed that

the number of synapses in the Tg control group was significantly

reduced compared with WT control group in CA1 (6.65 � 0.43

vs. 16.68 � 2.64, P < 0.01) and CA3 (9.94 � 0.36 vs.

17.06 � 0.99, P < 0.01) areas. L-NBP markedly increased the

number of synapses in CA1 by 94.59% and CA3 by 46.48% in

APP/PS1 mice (Figure 2A–C). The thickness of PSD in the Tg con-

trol group showed a significant decrease compared with wild-type

mice, while L-NBP administration increased the PSD thickness

in APP/PS1 transgenic mice in CA1 area (WT: 59.57 � 3.11,

Tg: 38.51 � 2.94, Tg L-NBP: 59.95 � 3.62) and CA3 area (WT:

68.34 � 2.50, Tg: 34.44 � 1.47, Tg L-NBP: 55.39 � 2.37) (Fig-

ure 2A, D–E). The results indicated that the chronic administra-

tion of L-NBP could significantly increase the synaptic density and

the thickness of PSD in the hippocampus region.

L-NBP Reversed Neuron Reduction,
Mitochondria, and Golgi Apparatus Damage in
Hippocampal CA1 and CA3 Areas of APP/PS1
Mice

The neurodegeneration and synaptic alterations are considered as

the principal factors of cognitive decline in AD [27] and associated

with alterations of neuron, mitochondria, and Golgi apparatus

[28–30] in hippocampus. In this study, we attempted to reveal the

morphological alterations of the neuron, mitochondria, and Golgi

apparatus in APP/PS1 mice directly. In WT mice, plenty of neu-

rons showed normal morphology, large and round body with clear

membrane structure and well-distributed chromatin, as well as

mitochondria showing regular shapes with dense ridge. However,

in APP/PS1 transgenic mice, abundant neurons showed degener-

ating characteristics with distinctive chromatin condensations,

intact nuclear, disrupted cell membrane, and cytoplasmic bleb-

bings. Moreover, a considerable number of mitochondria with dis-

ruption of the cristae were also observed, and the large number of

cisternae of Golgi apparatus appeared to be fragmented in APP/

PS1 transgenic mice. L-NBP treatment could rescue these damages

(Figure 3).

L-NBP Rescued the Reduction of Spine Density in
APP/PS1 Mice

Another aspect of synaptic integrity is the number of spine

numbers, which is considered to be correlate with excitatory

synapses [31]. Spine density of secondary and tertiary apical

dendritic segments in hippocampal CA1 and DG regions was

assessed using Golgi staining (Figure 4). In the sagittal section,

neurons impregnated with the Golgi–Cox solution randomly

display neurons that could reflect neural cells number (Fig-

ure 4A). The dendritic spines in dendritic compartments of

both CA1 and DG neurons in the WT control group were regu-

lar and intense (10.72 � 0.41 and 13.06 � 0.14), but APP/PS1

mice showed a significant reduction in the number of dendritic

spines (6.94 � 0.28 and 7.59 � 0.75). L-NBP significantly

increased the spine density in apical compartments of CA1 and

DG segments in APP/PS1 mice (11.71 � 0.37 and

13.93 � 0.33) (Figure 4A, C). Together, these data indicated

that L-NBP ameliorated both structural and functional synaptic

impairments of aged AD mice.

L-NBP Attenuated Ab Plaque Deposition in APP/
PS1 Mice

Ab accumulation and plaque deposition may induce synaptic

failure, dendritic and axonal atrophy, and neuronal death

[32,33]. L-NBP seemed promote the structural synaptic integ-

rity, so we wondered if this effect could accompany with ame-

liorating Ab deposition in aged APP/PS1 mice. Our previous
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study has demonstrated that L-NBP could lower Ab levels and

increase aAPPs levels in transgenic AD mice by regulating APP

processing toward the nonamyloidogenic pathway [10]. In this

study, L-NBP treatment reduced the levels of cerebral Ab depo-

sition by 66.60% (P < 0.01) compared with the control-treated

group in the APP/PS1 mice (Figure 5A–B). Furthermore, the

fibrous structure of Ab was surrounded by a large number of

terminal neurite damage of degenerated neurons under the

electron microscope (Figure 5D).

L-NBP Inhibited Microglia Activation in APP/PS1
Mice

Neuroinflammation is considered as an essential player in the eti-

ology of AD [34]. Activated microglia and astrocytes are regarded

as main neuroinflammatory cell types [35]. Ab deposition was

always surrounded by extensive microgliosis in patients with AD

and mouse models [36]. We investigated the effect of L-NBP in

amyloid-dependent gliosis by immunostaining using Iba-1, 6E10,

Figure 2 Effect of L-NBP on synapse number and the thickness of PSD in the hippocampus CA1 and CA3 areas. (A) Electron micrographs showing

synapse number (Magnification: 920,000) and the thickness of PSD (Magnification: 950,000) in one visual field of hippocampus CA1 and CA3 area.

Synapses were indicated by asterisk (*). The thicknesses of PSD are indicated by arrowheads. (B–E) Quantification of synapse number (B–C) and the

thicknesses of PSD (D–E). Data were expressed as the mean � SEM. n = 3 mice per group. ##P < 0.01, ###P < 0.001, versus control-treated wild-type

group. *P < 0.05, **P < 0.01, ***P < 0.001 versus control-treated APP/PS1 group.
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and GFAP. Activated microglia were detected in close proximity to

Ab plaques in APP/PS1 mice brain (Figure 5), in accordance with

the previous reports. L-NBP treatment significantly decreased the

population of activated microglia surrounding amyloid plaques by

56.15% (P < 0.05) (Figure 5A and C). But no change was

detected in astrocyte activation (data not shown).

L-NBP Upregulated the Expressions of Synapse-
Associated Proteins

To further explore the mechanism of L-NBP on protecting

synapse in AD mouse model, we detected the expressions of

synapse-associated proteins in the hippocampus of APP/PS1

mice, including PSD95, SYN, b-catenin, and phosphorylaed-

GSK-3b (Ser9). The expressions of PSD and SYN were signifi-

cantly decreased in APP/PS1 mice by 26.36% (P < 0.05) and

37.86% (P < 0.05), respectively, compared to WT control mice

(Figure 6A–C). The expressions of b-catenin and phosphory-

laed-GSK-3b (Ser9)/total GSK-3b were decreased in APP/PS1

mice by 12.12% and 35.04% compared to WT control mice,

but there were no significant differences (Figure 6A, D–E). L-

NBP treatment significantly upregulated the levels of PSD95

by 46.05% and b-catenin by 27.59% in APP/PS1 mice (Fig-

ure 6A, B, and D). However, L-NBP did not change the

expressions of SYN and phosphorylaed-GSK-3b (Ser9)/total

GSK-3b (Figure 6A, C, and E).

(A) (B) (C)

Figure 3 L-NBP treatment rescued the hippocampal neurons, mitochondria, and Golgi apparatus damage. (A–C) Electron micrographs of hippocampal

neurons of WT control (A), Tg control (B), Tg L-NBP (C). Neuron of WT control animals (A) displayed smooth nuclear membrane and occasional

condensations of nuclear chromatin (thick arrow) and had oval mitochondria with occasional lost cristae (short thin arrow) and regular cisternae of Golgi

apparatus (long thick arrow). But in neuron of Tg control animals (B), nuclear membrane showed enfolding and disruption, nuclear shrinkages and

chromatin clumping, mitochondria with fewer cristae appeared dilated. Golgi apparatus cisternae appeared to be fragmented. (C) L-NBP treatment could

rescue the damage. n = 3 mice per group.

Figure 4 L-NBP treatment improved spine

density in the hippocampus of APP/PS1 mice.

(A) Golgi staining of the hippocampal area

(top), L-NBP-mediated preservation of the

number of spines per given dendritic length in

the hippocampus CA1 (middle) and DG (bottom

of APP/PS1 mice. Scale bar=5 lm. (B–C)

Quantitative analysis of spine density in CA1 (B)

and DG (C). The spine number was decreased

in the APP/PS1 mice treated with vehicle.

L-NBP rescued the impaired spine density both

in CA1 and DG area. Data were expressed as

the mean � SEM. n = 7–12 dendrites per

animal, 3–5 animals per group. ###P < 0.001

versus control-treated wild-type group.

***P < 0.001 versus control-treated APP/PS1

group.
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Discussion

AD is the most prevalent neurodegenerative disorder in aging

populations worldwide, but the pathogenesis is still incompletely

understood. Synaptic dysfunction and subsequent loss of neu-

ronal cells happen at the early stage in neurodegenerative disorder

[37]. Recently, the concept of synaptic repair has been brought

forward to tackle or ameliorate pathophysiology for AD [38].

Figure 5 L-NBP treatment reduced Ab aggregation and microglia activation in the hippocampi of APP/PS1 mice. (A) Representative image of total Ab

plaque staining by 6E10 (top), activated microglia staining by Iba1 (middle) and the merged image (bottom) in hippocampus in control-treated wild-type

mice (left), control-treated APP/PS1 mice (middle), and L-NBP-treated APP/PS1 mice (right). (B–C) Quantitative image analysis was performed for 6E10

immunoreactivity (B) and Iba1 (C). (D) The fibrous structure of Ab (short thick arrow) under the electron microscope was surrounded by a large number of

degenerated neurons, which was reflected by the abundant of terminal neurite damage (long thick arrow). Data were expressed as the mean � SEM.

n = 3 mice per group. #P < 0.05, ###P < 0.001 versus control-treated wild-type group. ∗P < 0.05, ∗∗P < 0.01 versus control-treated APP/PS1 group.
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L-NBP has been reported to inhibit oxidative injury, neuronal

apoptosis, and glial activation, reduce Ab plaque, and improve

cognitive defects in a number of AD animal models. But, it is

unknown whether L-NBP can affect synaptic plasticity. In this

study, we demonstrated the therapeutic potential of L-NBP on

modifying synaptic plasticity after the onset of amyloid pathology.

We chose 18-month-old APP/PS1 mice because they displayed

abundant amyloid plaques and might mimic the late pathological

state in patients with AD. We found that L-NBP improved the cog-

nitive ability in both 6-month and 12-month APP/PS1 mice previ-

ously. In this study, we focused on the effect of L-NBP on

hippocampal synaptic plasticity and neuropathology. The dose

and duration of treatment of L-NBP were similar to the previous

reports [11].

The number of synapses and spine density are related to synap-

tic plasticity [39]. The PSD, a cytoskeletal specialization within the

postsynaptic membrane, can organize neurotransmitter receptors

and determine the physiological strength or weight of a synapse

[40]. In this study, we found that the number of synapses and the

thickness of PSD were significantly reduced in APP/PS1 mice, and

L-NBP treatment reversed these changes. Dendritic spines receive

most of the excitatory synaptic input and contribute to synaptic

connections [41,42]. Here, we found that L-NBP rescued the spine

density reduction in APP/PS1 mice. Consistent with this, our

previous studies showed that potassium 2-(1-hydroxypentyl)-

benzoate (PHPB), a derivative of L-NBP, enhanced long-term

potentiation (LTP) in APP/PS1 mice [43]. We did not detect

whether L-NBP affected the synaptic plasticity in this study due to

the limitation of animals. However, the recent findings showed

that L-NBP had no effect on the number of synapses and the

thickness of PSD of hippocampus in 6-month-old WT mice (data

not shown). In addition, PHPB did not show any effect on LTP in

WT mice [43]. Thus, we deduced that L-NBP might not regulate

synapse functions in WT mice.

Ab extracted from AD brains potently impaired synaptic struc-

ture and function in the hippocampus [44], and Ab might be

involved in aggravating the synaptic dysfunction of AD [33]. Our

previous study showed that L-NBP treatment significantly low-

ered total Ab plaque deposition in triple transgenic AD mice [10].

In the present study, we also found that L-NBP significantly

decreased Ab plaque load, and the population of reactive micro-

glia surrounding amyloid plaques in the aged AD mice. Ab accu-

mulation and plaque deposition resulted in synaptic failure,

dendritic and axonal atrophy, and neuronal damage [32,33].

Coincidentally, we observed large number of degenerated neu-

rons surrounding the amyloid fibrils, indicating that neuronal

death may be closely related to Ab plaque.

Oxidative stress is one of the key factors in the pathophysiology

of AD [34,45–47], and mitochondrial dysfunction may play a piv-

otal role in oxidative stress. Mitochondria accumulate at the

Figure 6 Effect of L-NBP on the levels of

postsynaptic density protein-95 (PSD95),

synaptophysin (SYN), b-catenin, and phospho-

glycogen synthase kinase-3b (GSK-3b) in the

mouse hippocampus. (A) Representative image

of Western blots. (B–E) PSD95 (B), SYN(C),

b-catenin (D), and p-GSK-3b/total GSK-3b (E) for

quantitative analysis, normalized to the b-actin

band. Data were expressed as the

mean � SEM. n = 3–5 mice per group.
#P < 0.05, versus control-treated wild-type

group. **P < 0.01 versus control-treated APP/

PS1 group.
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presynaptic and postsynaptic sites. The functional synapses

require mitochondria to supply ATP for neurotransmission [48],

and impaired synaptic plasticity is likely due to increased oxidative

stress in APP/PS1 mouse brain [49]. L-NBP has been reported to

significantly inhibit mitochondrial membrane potential reduction

and reactive oxygen species production [13]. In this study, L-NBP

was found to rescue mitochondria damage in neurons of aged

APP/PS1 mice. It suggested that L-NBP might improve synaptic

impairment by regulating mitochondrial function.

In the present study, we randomly chose three mice per group

to do immunohistochemical staining and electron microscopy. It

is well known that a larger sample size is necessary to reach solid

conclusions. Actually, we designed five samples per group for each

experiment at the beginning of the study. However, some mice

gradually died because of poor physical condition of aging. To

obtain the most reliable data, we randomly took 15 photographs

per mouse in electron microscopy detection and 10 photographs

per mouse in Golgi staining and performed the statistically analy-

sis. They showed a clear tendency of L-NBP effects. In the future,

a study with a larger sample size will be performed to confirm the

results.

PSD95 is located preferentially in dendritic spines and plays a

key role in regulating the formation, function, and plasticity of

excitatory synapses [50]. As a presynaptic marker, SYN is closely

related to synaptogenesis [51]. GSK-3b and b-catenin are involved

in neurite outgrowth [51,52]. Stable b-catenin is a critical media-

tor of dendritic morphology, and closely relevant to axonal length,

dendritic processes, as well as the density of dendritic spines in

hippocampal neurons [53,54]. b-catenin also acts as a core factor

in the canonical Wnt signal transduction pathway, and the intra-

cellular content and phosphorylation status of b-catenin deter-

mined the downstream cascade of Wnt pathway [55]. Wnt

signaling plays a key role in neuronal synapse formation and

remodeling by recruiting presynaptic and postsynaptic compo-

nents [56]. Dysfunctional Wnt signaling is characterized by

reduced b-catenin level and constitutively active GSK-3b. GSK-3b
is activated by the phosphorylation at Tyr216 and inhibited by

phosphorylating Ser9. Activated GSK-3b not only phosphorylates

tau to facilitate tangle formation, but also promotes b-catenin
degradation. Inhibition of GSK-3b results in neuroprotective

effects in AD models. In this study, L-NBP treatment significantly

increased the expression of PSD95 and b-catenin, suggesting that

L-NBP might reverse synaptic dysfunction via modulating Wnt/

b-catenin pathway.

Conclusion

In this study, we first demonstrated that L-NBP improved the

synaptic functions and reduced Ab plaque load and microglia acti-

vation in aged APP/PS1 AD transgenic mice. Additionally, L-NBP

partly reversed the reduction of synapse-associated proteins. Wnt/

b-catenin signaling pathway or cell adhesion correlated with

b-catenin might be involved in L-NBP-modulating synaptic

plasticity. L-NBP might be a potential therapeutic option for AD.
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