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SUMMARY

Aims: Fibrillar aggregates of b-amyloid protein (Ab) are the main constituent of senile pla-

ques and considered to be one of the causative events in the pathogenesis of Alzheimer’s

disease (AD). Compounds that could inhibit Ab fibrils formation, disaggregate preformed

Ab fibrils as well as reduce their associated neurotoxicity might have therapeutic values for

treating AD. In this study, the inhibitory effects of bis (heptyl)-cognitin (B7C), a multifunc-

tional dimer derived from tacrine, on aggregation and neurotoxicity of Ab1-40 were evalu-

ated both in vitro and in vivo. Methods: Thioflavin T fluorescence assay was carried out to

evaluate Ab aggregation, MTT and Hoechst-staining assays were performed to investigate

Ab-associated neurotoxicity. Fluorescent probe DCFH-DA was used to estimate the accu-

mulation of intracellular reactive oxygen stress (ROS). Morris water maze was applied to

determine learning and memory deficits induced by intracerebroventricular infusion of Ab
in rats. Results: B7C (0.1–10 lM), but not tacrine, effectively inhibited Ab fibrils formation

and disaggregated preformed Ab fibrils following co-incubation of B7C and Ab monomers

or preformed fibrils, respectively. In addition, B7C markedly reduced Ab fibrils-associated

neurotoxicity in SH-SY5Y cell line, as evidenced by the increase in cell survival, the

decrease in Hoechst-stained nuclei and in intracellular ROS. Most encouragingly, B7C (0.1

and 0.2 mg/kg), 10 times more potently than tacrine (1 and 2 mg/kg), inhibited memory

impairments after intracerebroventricular infusion of Ab in rats, as evidenced by the

decrease in escape latency and the increase in the spatial bias in Morris water maze test

along with upregulation of choline acetyltransferase activity and downregulation of acetyl-

cholinesterase activity. Conclusion: These findings provide not only novel molecular

insight into the potential application of B7C in treating AD, but also an effective approach

for screening anti-AD agents.

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative

disorder that predominantly affects the elderly and is associ-

ated with impaired cognition and memory [1]. By far, no

effective cure is available for treating AD. Currently used anti-

AD drugs, including acetylcholinesterase (AChE) inhibitors

(donepezil, rivastigmine and galantamine) and N-methyl-D-

aspartate (NMDA) receptor antagonist (memantine), offer only

symptomatic and limited benefits without modifying disease

progression. Thus, there is an urgent need to develop more

effective therapeutic approaches that could slowdown or halt

the pathological processes of AD.

Pathologically, AD is characterized largely by insoluble neu-

rofibrillary tangles and senile plaques composed of fibrillar b-amy-

loid (Ab) [2]. Ab peptide, derived by proteolytic cleavage of b-
amyloid precursor protein (APP), has a high propensity to rapidly

aggregate into highly toxic oligomers and fibrils [3]. Considerable

evidence indicates that the abnormal aggregation of Ab is one of

the causative factors in AD pathology and may accelerate the dis-

ease progress [4–6]. Several possible mechanisms have been sug-

gested to account for the neurotoxicity of oligomers and fibrils, for

ª 2015 John Wiley & Sons Ltd CNS Neuroscience & Therapeutics 21 (2015) 953–961 953



instance, induction of oxidative stress [7], direct or indirect trigger

of apoptosis [8–10], unbalance in Ca2+ homeostasis [11], and

reduction in acetylcholine concentration by activating acetyl-

cholinesterase [12] or inhibiting choline acetyltransferase (ChAT)

activities [13]. Therefore, an approach aimed at inhibiting Ab fib-

rils formation, disaggregating preformed fibrils as well as blocking

Ab fibrils-associated neurotoxicity may represent an attractive

therapeutic strategy with disease-modifying potential for AD

treatment.

Bis (heptyl)-cognitin (B7C, Figure 1) is a multifunctional dimer

modified from tacrine by us and has been identified as a promising

anti-AD agent on the basis of its inhibitory properties on AChE

(IC50, 1.6 nM, 149 times more potent than tacrine) [14], neuronal

nitric oxide synthase (nNOS, IC50, 2.9 lM) [15] and NMDA recep-

tor (IC50, 0.19 lM) [16]. In addition, B7C has been demonstrated

to protect neurons in several in vivo models associated with AD,

for instance, in middle cerebral artery occlusion- and scopo-

lamine-induced brain damage [17,18], suggesting that B7C may

cross the blood–brain barrier and have the potential to be devel-

oped as a drug for central nervous system disorders. In this study,

we extended our efforts in evaluating the inhibitory effects of B7C

on Ab fibrillization and Ab fibrils-associated neurotoxicity in vitro

and in vivo. It was found that B7C effectively inhibited Ab fibrils

formation and disaggregated preformed Ab fibrils, blocked Ab-
induced neuronal apoptosis and intracellular accumulation of

reactive oxygen stress (ROS) in SH-SY5Y cells. Most importantly,

B7C potently reversed cognition and memory impairments in rats

insulted by Ab.

Materials and Method

Chemicals and Reagents

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum

(FBS), penicillin, streptomycin, and other regents for cell culture

were purchased from Invitrogen (Carlsbad, CA, USA). Hexafluo-

roisopropanol (HFIP), Hoechst 33342, 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT), tacrine, Thioflavin T

(ThT), 2, 7-dichlorofluorescin diacetate (DCFH-DA), choline bro-

mide, and acetylcholine iodide were obtained from Sigma-Aldrich

(St. Louis, MO, USA). Purified synthetic Ab1-40 peptide was from

GL Biochem (Shanghai, China). [14C] Acetyl coenzyme A was

from Perkin Elmer (Boston, MA, USA).

Ab1-40 Preparation

Ab1-40 preparation was performed as we previously described

[19]. Briefly, Ab1-40 peptide was dissolved in HFIP, sonicated for

10 min in water bath, aliquoted in microcentrifuge tubes, and

stored at �80°C. Immediately before use, the HFIP-treated mono-

meric Ab1-40 was dried in the fume hood and dissolved in Milli-Q

water to 1 mM.

ThT Fluorescence Assay

ThT assay for quantifying Ab fibrils formation was carried out as

we previously described [10,19]. For the study of inhibition on Ab
fibrils formation, 20 lM monomeric Ab1-40 was mixed with vari-

ous compounds and 5 lM ThT, and incubated for 6 days at 37°C.

For the study of disaggregation of preformed fibrils, monomeric

Ab1-40 was incubated for 3 days at 37°C to generate fibrils. Pre-

formed Ab fibrils were then mixed with compounds and 5 lM ThT

and incubated for 3 days at 37°C. The fluorescence intensity of Ab
or compounds-modified Ab was measured at 440 nm (excitation)

and 485 nm (emission) using a 1-cm light-path quartz cuvette.

SH-SY5Y Cell Cultures

SH-SY5Y cells (ATCC No. CRL-2266) were cultured in DMEM

containing 10% FBS and 100 units/mL penicillin/streptomycin in

a humidified atmosphere of 95% air and 5% CO2 at 37°C.

MTT Assay

MTT assay for evaluating cell viability was performed as we previ-

ously reported [19,20]. Briefly, 24 h after plating, SH-SY5Y cells

were incubated for 48 h in FBS-free medium containing Ab or

compounds-modified Ab. Thereafter, MTT solution was added to

each well and the amount of resulted formazan was measured by

observing absorbance at 570 nm.

Figure 1 Dimeric bis (heptyl)-cognitin (B) was

synthesized from tacrine (A). Curcumin (C) with

symmetrical structure was originally extracted

from the rhizome of the plant Curcuma longa.
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Hoechst Staining Assay

Hoechst 33342 staining assay for detecting apoptotic nuclei was

performed as we previously reported [21]. After treatment, cells

were washed twice with phosphate buffer saline (PBS), fixed for

10 min in 4% paraformaldehyde, and then stained for 5 min with

5 lg/mL Hoechst 33342. Images were acquired under a fluores-

cence microscope (Nikon Instruments Inc., Melville, NY, USA).

Approximately 400 cells in 4 randomly chosen visual fields were

counted.

Intracellular ROS Assay

Intracellular accumulation of ROS was evaluated using fluores-

cent probe DCFH-DA. Briefly, after drug treatment, cells were

incubated for 30 min at 37°C with DCFH-DA (10 lM) in FBS-free

medium, washed twice with PBS, and then observed under the

Nikon fluorescence microscope.

Animals

All the animal experiments were conducted in accordance with

the standard guidelines for the care and use of laboratory animals.

A total of 60 male Sprague Dawley rats, aged 7 weeks and weigh-

ing 220–280 g, were obtained from Animal Care Facility of the

Hong Kong University of Science and Technology. They were

housed in an animal room that was maintained at a temperature

of 22 � 2°C with a 12-h light–dark cycle.

Stereotaxic Surgery and Drug Treatment

Rats were anesthetized with chloral hydrate (350 mg/kg, i.p.),

and their head were then fixed into a stereotaxic apparatus. A

guide cannulae was implanted in the left cerebral ventricle (A 1.4,

L 0.9, V 4.0). Ab1-40 (800 pmol, i.c.v.) was slowly infused on Days

5, 8, and 11 after surgery in a total volume of 10 lL at the rate of

2 lL/min. From Day 5, rats (n = 10 for each group) were adminis-

tered with saline (vehicle), B7C (0.1, 0.2 mg/kg, i.p.), or tacrine

(1, 2 mg/kg, i.p.) once per day for 12 consecutive days.

Morris Water Maze (MWM) Test

The MWM test for evaluating learning performance was carried

out as we previously reported [19]. MWM equipment was com-

posed of a circular water tank (150 cm in diameter and 60 cm in

height) that was filled with water (23°C) to a depth of 30 cm.

The tank was divided into four quadrants (north, south, west and

east) that were used as start points. An escape platform (10 cm in

diameter) was placed in the center of one randomly chosen

quadrant (southeast for this study), with 1.5 cm below the sur-

face of water.

Spatial learning performance was assessed 1 day after the last

injection of Ab1-40. Rats were trained for 4 consecutive days to

find the submerged platform. To evaluate long-term memory

retention, on Day 16 after the last day of training, probe trials

were performed by removing the platform and allowing the rats

to swim for 60 s to search for it. A video camera located above the

center of the tank was used to record the time taken to reach the

submerged platform (escape latency) and the percentage of total

distance swum in the target quadrant for each rat (spatial bias).

Assay of ChAT and AChE Activities

After the removal of rat brain, the frontal cortex and hippocampus

were dissected out, quickly frozen in liquid nitrogen. Following

homogenization in 0.1 M phosphate buffer, ChAT activity in both

brain regions was examined by observing the rate of formation of

acetylcholine from acetyl-CoA, using a radiochemical method

[22]. Briefly, the rat brain homogenates (5%, w/v) were mixed in

a vial with 0.2 mM [14C] acetyl coenzyme A, 300 mM NaCl,

50 mM sodium phosphate buffer (pH 7.4), 8 mM choline bro-

mide, and 0.1 mM physostigmine. The mixture was incubated at

37°C for 30 min and then stopped by the addition of 10 mM

sodium phosphate buffer (pH 7.4). Thereafter, 2 mL of acetonitrile

containing 10 mg Kalignost and 10 mL toluene scintillation mix-

ture were added to the vial. The newly synthesized [14C] acetyl-

choline was extracted and quantified by liquid scintillation

counting.

AChE activity was quantified using a colorimetric method [23].

Briefly, a mixture of 2 mL in volume which contained 0.1 mL

acetylcholine iodide (12 mM), 1.8 mL sodium phosphate buffer

(0.1 mM, pH 7.4), and 0.1 mL homogenate was incubated at 37°C

for 5 min. The reaction was stopped by the addition of 1 mL of

3% (w/v) sodium lauryl sulfate. About 1 mL of 0.2% (w/v) 5,50-
dithiobis (2-nitrobenzoin) acid was then added into the mixture

to form a yellow complex. The color production was then exam-

ined spectrophotometrically at 420 nm.

Statistical Analysis

All the result data were presented as means � SEM. Statistical

analysis for single comparison was performed by Student’s t-test.

When necessary, multiple comparisons were performed using

one-way ANOVA followed by an LSD post hoc analysis using SPSS

software. P < 0.05 or less was considered to be statistically

significant.

Results

B7C Markedly Inhibits Ab Fibrils Formation and
Disaggregates Preformed Ab Fibrils in vitro

The fibrillar aggregates of Ab are the major component of senile

plaques that may result in neurodegeneration. With the use of

ThT fluorescence assay, we tested the inhibitory effects of various

compounds on Ab1-40 fibrils formation by co-incubating them

with monomeric Ab1-40 for 6 days at 37°C. Compared to Ab1-40
sample, the samples co-incubated with B7C (0.1–10 lM) showed

less ThT fluorescence increase (maximum of 50% reduction at

10 lM), an observation with similar potency and efficacy to those

with curcumin that has been identified as an inhibitor of Ab fibrils

(Figure 2A) [24,25].

Next, we investigated whether these compounds could further

disaggregate preformed Ab1-40 fibrils. Ab1-40 fibrils that were gen-

erated by 3-days incubation of monomeric Ab1-40 at 37°C were

incubated with tested compounds for another 3 days. It was
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shown that the samples co-incubated with B7C or curcumin

decreased ThT fluorescence by almost 50% (Figure 2B), suggest-

ing that B7C was able to destabilize preformed Ab1-40 fibrils. How-

ever, tacrine, the monomer of B7C, did not show any effects on

Ab1-40 fibrils formation and disaggregation of preformed Ab1-40
fibrils.

B7C Efficiently Blocks Ab-Induced Toxicity in SH-
SY5Y Cells

To judge whether compounds-modified Ab aggregates were less

toxic than Ab fibrils, we co-incubated compounds with mono-

meric Ab or preformed Ab fibrils and added these Ab samples to

cultured SH-SY5Y cells. As shown in Figure 3, compared to the

group of Ab fibrils, an approximate 20% increase in cell viability

was observed in that of B7C or curcumin-modified Ab aggregates

in both two cases. Meanwhile, tacrine-modified Ab aggregates did

not enhance cell viability.

Furthermore, to confirm the neuroprotective effects produced

by B7C, Hoechst-staining assay was performed. As demonstrated

in Figure 4, there was a significant decrease in the number of

apoptotic nuclei stained by Hoechst 33342 in B7C-modified Ab
aggregates group, in comparison with the Ab fibrils group.

B7C Substantially Decreases Ab-Induced
Intracellular Accumulation of ROS in SH-SY5Y
Cells

Oxidative stress caused by elevated intracellular ROS generation is

believed to an important mechanism underlying Ab neurotoxic-

ity. We therefore tested whether B7C-modified Ab aggregates

were less toxic in neurons in terms of inhibition of intracellular

accumulation of ROS. As shown in Figure 5, Ab insult elicited a

2.5-fold increase of DCF fluorescence intensity compared with the

Figure 2 B7C effectively inhibits Ab1-40 fibrils formation and

disaggregates preformed Ab1-40 fibrils in a dose-dependent manner.

(A) HFIP-reconstituted Ab monomers (20 lM) were incubated at 37°C for

6 days with or without B7C (0.1–10 lM), tacrine (3–10 lM), or curcumin

(1–3 lM). The extent of Ab aggregation was evaluated using ThT

fluorescence assay. *P < 0.05, **P < 0.01, compared to Ab group.

(B) The preformed Ab fibrils were allowed for 3 days and then incubated

at 37°C for another 3 days with compounds described in (A). *P < 0.05,

**P < 0.01, compared to Ab group.

Figure 3 B7C markedly blocks Ab1-40-induced neuronal death in SH-SY5Y

cells. (A) Ab monomers (20 lM) were incubated at 37°C for 6 days with

or without B7C (0.1–10 lM), tacrine (3–10 lM), or curcumin (1–3 lM) and

then added into SH-SY5Y cells. (B) The preformed Ab fibrils were allowed

for 3 days, then incubated at 37°C for another 3 days with compounds

described in (A), and finally added into cells. Forty-eight h after treatment,

MTT assay was used to measure cell viability. **P < 0.01, compared to

control group. ##P < 0.01, compared to Ab group.
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untreated control group, which was substantially inhibited by

B7C-modified Ab aggregates.

B7C Potently Reverses Ab-Induced Learning and
Memory Impairment in Rats

The experimental protocol is shown in Figure 6A. The learning

and memory performance of rats were tested using MWM. All

groups of rats showed a progressive decrease in escape latency

during consecutive 4 days of training (Day 12–Day 15). The

escape latency of Ab1-40-treated group was higher than that of

vehicle, suggesting that Ab1-40-treated rats took longer time to

find the hidden platform. While, the escape latency of rats treated

Figure 4 B7C efficiently inhibits Ab1-40-induced apoptosis in SH-SY5Y

cells. (A) B7C (0.1–10 lM) was incubated with Ab monomers for 6 days

or preformed Ab fibrils for 3 days and then added into SH-SY5Y cells.

Forty-eight h after treatment, cell morphology was observed by the Nikon

fluorescence microscopy. Scale bar = 50 lm. (B) Apoptosis was

examined by counting the condensed nuclear stained by Hoechst 33342

from 4 randomly chosen fields. **P < 0.01, compared to control group.
##P < 0.01, compared to Ab group.

Figure 5 B7C substantially decreases Ab1-40-induced intracellular

accumulation of ROS in SH-SY5Y cells. (A) B7C (0.1–10 lM) was incubated

with Ab monomers for 6 days or preformed Ab fibrils for 3 days and then

added into SH-SY5Y cells. Forty-eight h after treatment, cells were

incubated for 30 min at 37°C with DCFH-DA (10 lM) in FBS-free medium,

washed twice with PBS, and then observed under the Nikon fluorescence

microscope. Scale bar = 100 lm. (B) The DCF fluorescence intensity

values were analyzed from 4 randomly chosen fields. **P < 0.01,

compared to control group. ##P < 0.01, compared to Ab group.
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Figure 6 B7C potently reverses the memory deficits induced by icv infusion of Ab1–40 in rats. (A) The schedules of animal experiments. (B, C) Mean latency

to escape from the water onto the hidden platform. Each rat was subjected to two trials per day for 4 consecutive days. (D) Upper: typical swimming-tracking

path of vehicle control (I), groups of rats treated with Ab1–40 (II), and groups of rats treated with 0.2 mg/kg B7C plus Ab1–40 (III), on the fourth training day in

Morris water maze. Lower: mean latency to escape from the water onto the hidden platform in fourth training day. (E) Upper: typical swimming-tracking path

of vehicle control (I), groups of rats treated with Ab1–40 (II), and groups of rats treated with 0.2 mg/kg B7C plus Ab1–40 (III), on the fifth probe trial day in

Morris water maze. Lower: the swum distance in the target quadrant (southeast, in which the platform had been placed during the training phase) in the

probe trial (swimming 60 s without platform). Data represent means � SEM. ##P < 0.01 vs. vehicle group; **P < 0.01 vs. Ab1–40-treated group.
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by B7C (0.1–0.2 mg/kg) or tacrine (2 mg/kg) was significantly

lower than that by Ab1-40 (Figures 6B, C, and D).

Moreover, the representative navigation paths at the end of the

MWM training (Day 15) showed that a spatial learning acquisition

impairment was observed in rats treated by Ab1-40, which was

substantially reversed by treatment with B7C and Ab1-40 (Fig-

ure 6D). On the day of probe trial (Day 16), rats treated with B7C

or tacrine swam longer in the probe quadrant (southeast) than

rats in vehicle group (Figure 6E). In terms of escape latency and

spatial bias, B7C was 10 times more potent than tacrine in revers-

ing memory impairments induced by Ab1-40.

B7C Effectively Modulates Ab-Induced
Dysfunction of Activities of AChE and ChAT

Inhibition of ChAT and activation of AChE activities are two

important factors responsible for cholinergic dysfunction induced

by Ab. As shown in Table. 1, a significant decrease in ChAT activ-

ity was observed in both brain cortex and hippocampus of rats

insulted by Ab1-40. In addition, Ab1-40 also elicited a marked

increase in AChE activity in cortex but not hippocampus. B7C

treatment reversed Ab1-40-induced decrease of ChAT (in cortex

and hippocampus) and increase of AChE (cortex) more potently

than tacrine did.

Discussion

The aggregation of Ab peptide into Ab oligomers and fibrils which

are associated with neurotoxicity in vitro and in vivo is considered

to be one of key causative events in the pathogenesis of AD.

Therefore, inhibition of Ab aggregation and destabilization of pre-

formed mature Ab oligomers or fibrils would be a potential thera-

peutic strategy for the prevention and treatment of AD. Very

recently, we have shown that the dimeric compound B7C pre-

vented Ab oligomers-induced inhibition of long-term potentiation

and protected against Ab oligomers-induced synaptic and memory

impairments via altering Ab assembly [26]. In the current study,

we further demonstrated that B7C efficiently inhibited mono-

meric Ab into fibrils and disaggregated preformed Ab fibrils, as

well as blocked Ab-associated neurotoxicity in cellular and animal

models of AD, offering novel molecular insights into the potential

application of B7C for the treatment of AD.

Ab monomers derived from APP could be prone to sponta-

neously self-aggregate into multiple physical forms, including oli-

gomeric, protofibrillar, and fibrillar aggregates [27]. These Ab
aggregates differing in their aggregation state are believed to be

causative neurotoxic factors in the development of AD. Consider-

able evidence has demonstrated that intracellular accumulation of

Ab fibrils is involved in various pathogenic mechanisms, such as

oxidative stress, synaptotoxicity, mitochondrial toxicity, and neu-

ronal apoptosis, which leads to neurodegeneration and drive dis-

ease progression, indicating that Ab fibrillization may be a

therapeutic target for treating AD [28–30].

A sensitive method for measuring the amount of Ab fibrils was

introduced in the 1990s by Wood and his colleagues that involved

monitoring ThT fluorescence [31]. An enhanced ThT fluorescence

will be observed when ThT binds to Ab fibrils, possibly through

the interaction with b-pleated sheet structure and intercalation

into growing fibrils [32]. In this work, the ThT fluorescence results

suggested that dimeric B7C efficiently inhibited Ab fibrils forma-

tion and disaggregation of mature preformed Ab fibrils (Figure 2),

with a potency and efficacy similar to curcumin that also has a

symmetrical structure (Figure 1C), while tacrine, the monomer of

B7C, did not show any effects on Ab aggregation (Figure 2). A

growing body of evidence indicates that symmetrical structures

are shared by various compounds that have been identified as

inhibitors of Ab aggregation. As explained by earlier studies [33],

the symmetrical structures may be suitable for specific binding of

Ab, inhibition of Ab aggregation as well as destabilization of b-
sheet-rich conformation of Ab fibrils. Therefore, there is a high

likelihood that B7C might interact with Ab through its symmetri-

cal entities at both ends to inhibit Ab fibrillization. Molecular

dynamics simulation technique is being undertaken in our group

to explore the exact binding sites of B7C and Ab.
An efficient inhibitor of Ab should interfere with Ab aggrega-

tion as well as block Ab-associated neurotoxicity in vitro and

in vivo. When we co-incubated B7C with Ab monomers or pre-

formed mature Ab fibrils, it was found that B7C-modified Ab
aggregates were less toxic to neurons in comparison with Ab fib-

rils, as evidenced by the increase in cell viability and decrease in

the percentage of Hoechst-stained apoptotic nuclei (Figures 3 and

4), suggesting that the neuroprotection of B7C is highly likely due

to its ability to inhibit monomeric Ab aggregation into neurotoxic

fibrils or disaggregate Ab fibrils into less or nontoxic Ab species.

Table 1 B7C reverses the dysfunction of ChAT and AChE activities induced by icv Ab1–40 in rats

Ab1-40

B7C (mg/kg) Tacrine (mg/kg)

Vehicle 0.1 0.2 1 2

ChAT (% of control)

Cortex 100 � 8.1 78.9 � 9.0# 97.0 � 7.2** 92.0 � 8.2* 84.4 � 4.3 88.2 � 7.9

Hippocampus 100 � 8.9 80.1 � 10.5## 96.9 � 6.6* 97.5 � 13.2* 90.5 � 4.2* 90.3 � 4.1*

AChE (% of control)

Cortex 100 � 13.6 122.1 � 6.9# 117.0 � 15.5 94.0 � 6.6** 103.2 � 4.4* 100. � 4.7*

Hippocampus 100 � 8.0 104.1 � 10.1 101.6 � 8.0 102.1 � 28.3 101.5 � 8.5 100.7 � 9.6

Rats were killed 2 h after the fifth performance of water maze. Saline (Vehicle), B7C or tacrine was administered once per day for 12 consecutive

days. Data are expressed as means � SEM (n = 7). #P < 0.05 and ##P < 0.01 vs. vehicle group; *P < 0.05 and **P < 0.01 vs. Ab1–40-treated group.
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Moreover, based on the fact that oxidative stress is an important

mechanism that underlies Ab-induced neurotoxicity [34–36], we

further tested the inhibitory effects of B7C on intracellular accu-

mulation of ROS. Similarly, there was a significant decrease in

DCF fluorescence intensity caused by B7C-modified Ab aggregates

(Figure 5), again indicating that B7C might interact with Ab spe-

cies to interfere with Ab aggregation and disassembly of Ab fibrils.

After intracerebroventricular injection of Ab into the brain of

rodent animals, this peptide assembles into insoluble fibrils that

are resistant to degeneration and associated with memory deficits

[37]. Several possible mechanisms, including activation of AChE

and inhibition of ChAT activities [13], overstimulation of NMDA

receptors [38] as well as trigger of oxidative stress and apoptosis

[7,35], have been demonstrated to be involved in Ab-mediated

neurotoxicity. Herein, we further evaluated the neuroprotection

of B7C and tacrine in a rat Alzheimer’s model consisting of intrac-

erebroventricular injection of Ab1-40, and assessed the learning

performance of rats using water maze test, evidenced by the

increase in spatial bias and decrease in escape latency (Figure 6),

along with the upregulation of ChAT and downregulation of

AChE activities (Table. 1), B7C was able to reverse the memory

impairments induced by Ab1-40, possibly through its interference

with Ab aggregation. Based on the fact that Ab could disrupt the

transmission of neurotransmitter in synaptic clefts, including

cholinergic and/or glutamatergic systems [12,38], compounds that

could modulate these two neurotransmitter systems may confer

neuroprotection against Ab insults. Therefore, tacrine, which was

capable of inhibiting AChE but lack of anti-Ab fibrillization ability,

was also shown to be effective in our model, although being 10

times less potent than B7C. Admittedly, as B7C is a superior AChE

inhibitor and NMDA receptor antagonist, we could not rule out

the possibility that inhibiting AChE and NMDA receptor may con-

tribute to the in vivo neuroprotection of B7C. Further studies, such

as Thioflavin S technique that stains plaques in brain, will be car-

ried out using AChE inhibitors and NMDA receptor antagonist in

combination or alone as a reference.

In conclusion, we provided evidence that B7C could inhibit Ab
fibrils formation and disaggregated the preformed Ab fibrils.

Moreover, B7C-modified Ab aggregates were less toxic to neu-

rons, as evidenced by the increase in cell viability, the decrease in

the number of apoptotic nuclei, and decrease in intracellular accu-

mulation of ROS. Most encouragingly, B7C showed a high

potency (10 times) in reversing Ab-induced memory deficits than

its monomeric form tacrine. As there is increasing lines of evi-

dence indicating that multifunctional compounds may exhibit

greater therapeutic efficacy for treating AD by concurrently and

synergistically acting multiple targets, the findings revealed herein

and published previously may lead us to conjecture that B7C,

which confers anti-Ab aggregation, anti-AChE, and anti-NMDA

receptor activities, may provide promising therapeutic value

against AD and/or other related neurodegenerative disorders.
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