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Abstract: Cudrania tricuspidata has diverse biological activities, such as antioxidant, anti-inflammatory,
anticancer, and neuroprotective effects. This study investigated the protective effects of C. tricuspidata
fruit extracts (CTFE) against scopolamine (SCO)-induced neuron impairment. The neuroprotective
effects of CTFE on SCO-induced memory dysfunction were confirmed in mice using the Barnes maze
test. The results showed that co-treatment of SCO and CTFE increased the stay time in the target zone
compared with SCO treatment alone. Similarly, the results obtained by the fear conditioning test
revealed that SCO-CTFE co-treatment induced the freezing action time under both the contextual fear
condition and the cued fear condition compared with SCO treatment alone. Moreover, we showed
that CTFE reduced the SCO-induced acetylcholinesterase (AChE) activity, thereby increasing the
acetylcholine concentration in mice hippocampal tissues. Consistent with the improvement of
memory and recognition function in vivo, our in vitro results showed that CTFE induced cAMP
response element binding protein (CREB) and extracellular regulated kinase 1/2 (ERK1/2) activity
in PC12 cells and reduced SCO-induced AChE activity. In addition, the microarray results of the
hippocampal tissue support our data showing that CTFE affects gene expressions associated with
neurogenesis and neuronal cell differentiation markers such as spp1 and klk6. Overall, CTFE exerts a
neuroprotective effect via regulation of the CREB and ERK1/2 signaling pathways and could be a
therapeutic candidate for neurodegenerative diseases.
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1. Introduction

The world’s population is aging, leading to the development of degenerative brain disease.
Age-related degenerative brain diseases include Parkinson’s disease, Alzheimer’s disease (AD),
Huntington’s disease, amyotrophic lateral sclerosis, and multiple sclerosis [1,2]. Degenerative brain
diseases impair learning and memory, deteriorating the patient’s quality of life and affecting the lives
of family caregivers and society [3,4]. Generally, cholinergic drugs can be used for degenerative brain
diseases, such as AD, by inhibiting acetylcholinesterase (AChE) or modulating muscarinic acetylcholine
receptors (mAChRs) and nicotinic acetylcholine receptors [5]. However, because of the short half-life,
the improvements in learning and memory are only temporary, and the drug must be taken several
times a day [6]. In addition, cholinergic drugs can cause head pressure, ataxia, vomiting, renal failure,
and other side effects [7].
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Acetylcholine (ACh) is a neurotransmitter that plays an important role in learning and memory [8].
ACh is synthesized by choline acetyltransferase (ChAT), which catalyzes the acetylation of choline
with acetyl-CoA [9]. ACh is released from presynaptic terminals in vesicles and diffuses toward
postsynaptic terminals. Its signaling-mediated cell surface receptors (nAChRs and mAChRs) are
bound tothe surface of cells. nAChRs are ion channels composed of five subunits [10]. mAChRs are
single polypeptide proteins with seven transmembrane domains that evoke intracellular responses by
interacting with heterotrimeric G proteins [10].

Scopolamine (SCO) is a tropane alkaloid that is mainly used in preclinical experiments to induce
amnesia in animals. Although it is a non-selective mAChR antagonist, it shows high selectivity for
mAChR, and high doses of SCO can block nAChRs [11]. SCO-induced memory impairment can appear
in human subjects [12]. Moreover, SCO is considered the ‘gold standard’ drug that causes experimental
memory impairment [13].

Cudrania tricuspidata (C. tricuspidata), a deciduous broad-leaved thorn tree, belongs to the family
Moraceae and is widespread in Korea, Japan, and China [14]. C. tricuspidata is a well-known herb in
Oriental medicine, of which the root, leaf, and fruit are frequently used in traditional medicine [15].
The C. tricuspidata fruit contains 158 flavonoids and 99 xanthones and has multiple biological activities,
such as antioxidant, anti-inflammatory, immunomodulatory, and monoamine oxidase inhibitory
activities [16,17]. A recent study demonstrated the neuroprotective activity of C. tricuspidata fruit
extracts (CTFEs) against 6-hydroxydopamine-induced oxidative stress in vitro [18].

cAMP response element binding protein (CREB) is a major transcription factor that regulates
the gene expression related to neurogenesis, neuroprotection, and synaptic activity [19]. CREB is
known to be involved in spatial, fear, olfactory, and object and social recognition memory [20].
Previous studies on AD showed that β-amyloid induced pathogenesis through the CREB pathway,
and CREB expression decreased in patients’ brains [21,22]. Upstream of CREB, extracellular regulated
kinase 1/2 (ERK1/2) regulates the neuronal function and development of the central nervous system
(CNS) and is related to memory formation [23,24]. Many studies thereby target the ERK1/2-CREB
signaling pathway for developing treatments for degenerative diseases such as AD [25]. AMP-activated
protein kinase (AMPK), also upstream of CREB, is associated with brain injury and neurological
disorders, including down-regulation in AD [26,27]. Moreover, there is a link between sirtuin-3 (SIRT3)
and neurodegenerative diseases in relation to AMPK [28,29]. A study showed that SIRT3 protects
neurons from ischemia by inducing autophagy through AMPK activation [30].

Here, we hypothesized that CTFE would aid learning and memory function by exerting its
diverse abilities, like neuroprotection. The strategy involved in vitro experiments using the rat
pheochromocytoma-derived cell line (PC12), and animal behavioral tests to confirm improvements
and the overcoming of learning and memory dysfunction caused by SCO. In addition, in order to
evaluate alterations in cholinergic markers (ACh and AChE) and elucidate whether intracellular
signaling pathways and genomic expression are affected, male ICR mice were sacrificed to obtain
hippocampal tissue.

2. Results

2.1. Cytotoxicity of SCO and CTFE on PC12 Cells

To confirm the cytotoxicity of SCO and CTFE, differentiated PC12 cells were exposed to SCO
and CTFE at various concentrations for 24 h. As shown in Figure 1A, treatment of SCO at 0.5, 1.0,
2.5, and 5.0 µM for 24 h showed no cytotoxicity. We chose the concentration of SCO (2.5 µg/mL) for
further experiments. CTFE did not induce cytotoxicity in PC12 cells, but 500 µg/mL CTFE treatment
significantly increased cell viability by over 30% compared with the other concentrations (Figure 1B).
Our results confirm that CTFE has no cytotoxicity, and concentrations of 50, 100, and 200 µg/mL CTFE
can be used for further experiments.
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Figure 1. Effects of SCO and CTFE on PC12 cells. Cell viability when treated with various concentrations
of (A) SCO and (B) CTFE. (C) The inhibitory effect of CTFE on SCO-induced acetylcholinesterase
(AChE) activity was measured. The activation of (D) cAMP response element binding protein (CREB)
and (E) extracellular regulated kinase 1/2 (ERK1/2) was evaluated. All data were expressed as the
mean ± SEM (n = 3) * p < 0.05 and ** p < 0.01 vs. control. # p < 0.05, ## p < 0.01, and ### p < 0.001 vs. SCO
group. SCO: scopolamine, CTFE: Cudrania tricuspidata fruit extract, GAL: galantamine.

2.2. AChE Inhibitory Effect of CTFE on PC12 Cells

To assess the AChE activity in PC12 cells, we performed an AChE activity assay. As Figure 1C
illustrates, when PC12 cells were exposed to SCO, the AChE activity was significantly increased
compared with the control group. Treatment of 100 µg/mL CTFE also increased the AChE activity
compared with the control. Conversely, SCO+ 50, 100, and 200 µg/mL CTFE significantly attenuated
the AChE activity level compared with the SCO group. These results suggest that CTFE attenuates the
SCO-induced AChE activity level.

2.3. Effect of CTFE on Protein Levels of CREB and ERK1/2 in PC12 Cells

The CREB and ERK1/2 signaling pathways are well known to be involved in neuroprotection [31,32].
To evaluate the neuroprotective effects of CTFE, the CREB and ERK1/2 pathways were analyzed in
PC12 cells by Western blot. As a result, there was no change in the expression of total CREB and ERK1/2,
but the phosphorylated forms differed from the control (Figure 1D,E). The p-CREB and p-ERK1/2 levels
were decreased in the SCO group but increased in the SCO + 50, 100, and 200 µg/mL CTFE groups.
These results indicate that CTFE highly activates CREB and ERK1/2 against SCO-induced damage.
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2.4. Effect of CTFE on SCO-Induced Learning and Memory Dysfunction of Mice in BMT

The BMT was undertaken to assess the improvement in spatial memory capacity. No drugs were
injected during the training phases, thereby equalizing the level of spatial learning. During a probe
phase, each group was injected with each drug. In the last training phase, the distance (Figure 2A) and
latency time (Figure 2B) of all groups reaching the escape box were similar to each other. These results
indicate that all groups had learned to use the spatial cues required to locate the escape box, and we
considered that all groups had a similar level of spatial learning and memory.

Figure 2. CTFE enhances spatial and fear learning and memory function in the behavioral test.
In the Barnes maze test, (A) movement distance and (B) escape latency were measured during the
training phase. (C) In the probe phase, the duration time in the target zone was evaluated. In the
fear conditioning test, the effect of SCO and CTFE treatment on freezing time of the (D) contextual
and (E) cued fear conditioning test was measured. All data were expressed as the mean ± SEM
(n = 7). *** p < 0.001 vs. vehicle group. # p < 0.05, ## p < 0.01, and ### p < 0.001 vs. SCO group. GAL:
galantamine, SCO: scopolamine, CTFE: Cudrania tricuspidata fruit extract.

To evaluate the spatial memory, the escape box was removed, and mice were observed for 90 s.
During the probe phase (Figure 2C), the stay time was reduced slightly for the SCO group relative
to the vehicle group, which was similar to co-treatment of SCO with 125 and 250 mg/kg/day CTFE.
GAL (positive control) and the SCO + 500 mg/kg/day CTFE group remained longer, for 52.55 ± 4.56 and
55.53 ± 3.46 s, respectively, compared with the SCO group (32.64 ± 3.14 s; ## p < 0.01 and ### p < 0.001
vs. SCO group). These results indicate that SCO decreases spatial memory capacity, but CTFE inhibits
SCO-induced spatial memory impairment and activates spatial memory.
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2.5. Effect of CTFE on SCO-Induced Learning and Memory Dysfunction of Mice in the FCT

Fear learning and memory were evaluated by the FCT. We analyzed contextual and cued fear
separately. In both tests (Figure 2D), freezing time was increased in the GAL (positive control) and
the SCO + 500 mg/kg/day CTFE group (contextual fear: 100.97 ± 4.61 and 87.58 ± 2.70 s, respectively;
** p < 0.01 and *** p < 0.001 vs. vehicle group, ### p < 0.001 vs. SCO group; cued test: # p < 0.05 and
## p < 0.01 vs. SCO group). In the cued FCT (Figure 2E), freezing time was increased by CTFE in a
dose-dependent manner. These results suggest that CTFE increases fear learning and memory by
inhibiting SCO, and a high dose of CTFE increases these aspects dramatically.

2.6. Effect of CTFE on ACh Concentration and AChE Activity in Mice

Quantification of the ACh concentration in blood (Figure 3A) revealed that SCO decreased
the relative concentration of ACh by 81.34 ± 6.72%, but the GAL (positive control) and the SCO+

500 mg/kg/day CTFE treatments increased the ACh concentration compared with the SCO group
(## p < 0.01 and ### p < 0.001 vs. SCO group). As shown in Figure 3B, the AChE activity in hippocampal
tissue was slightly decreased in the GAL (positive control) and the SCO + 500 mg/kg/day CTFE group
(95.01 ± 3.11% and 97.20 ± 1.11%, respectively) relative to the SCO group. These results suggest that
CTFE can affect learning and memory by increasing the ACh concentration in blood and decreasing
the AChE activity.

Figure 3. Effects of CTFE on ACh concentration in blood and AChE activity in hippocampal tissue.
(A) Relative quantitative evaluation of ACh in blood. (B) AChE activity in hippocampal tissue.
All data were expressed as the mean ± SEM (n = 3). ## p < 0.01 and ### p < 0.001 vs. SCO group.
ACh: acetylcholine, AChE: acetylcholinesterase, GAL: galantamine, SCO: scopolamine, CTFE:
Cudrania tricuspidata fruit extract.

2.7. Effect of CTFE on Protein Levels of SIRT3 and AMPK in Hippocampal Tissue of Mice

The AMPK and SIRT3 signaling pathways are associated with learning and memory [33,34].
To evaluate the effects of CTFE on learning and memory, the activation of AMPK and SIRT3 was analyzed
in hippocampal tissue by Western blot. While the total level of AMPK was not affected, CTFE induced
the phosphorylated forms compared to the SCO treatment group (Figure 4A). SCO significantly reduced
the SIRT3 expression compared to the non-treatment group, but co-treatment of SCO with 250 and
500 mg/kg of CTFE significantly increased the SIRT3 expression (Figure 4B). These results indicate that
CTFE induces AMPK activity and SIRT3 expression against SCO-induced cognitive impairments.

2.8. Global Gene Expression in Hippocampal Tissue of Mice

The microarray analysis indicated that SCO treatment alone decreased the expression of genes
associated with neurogenesis and neuronal cell differentiation, such as secreted phosphoprotein1 (spp1) and
kallikrein-related peptidase 6 (klk6) compared with the vehicle group (Figure 5). By contrast, SCO + CTFE
treatment marginally and dramatically (3- to 21-fold) increased the gene expressions compared with
the vehicle group and SCO group, respectively. These results indicate that CTFE activates neurogenesis
and neuronal cell differentiation by inhibiting SCO-induced down-regulation of gene expressions.
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Figure 4. Effects of SCO and CTFE on activation of AMPK and expression of SIRT3 in hippocampal tissue.
(A) Theactivation of AMPK and (B) expression of SIRT3 were evaluated. All data were expressed as
the mean ± SEM (n = 3) ** p < 0.01 and *** p < 0.001 vs. control. ### p < 0.001 vs. SCO group. SCO:
scopolamine, CTFE: Cudrania tricuspidata fruit extract, GAL: galantamine.

Figure 5. The list of selected genes shows the greatest up-regulated fold changes (>3) in the SCO + CTFE
group compared to the SCO group using hierarchical clustering analysis of MeV program. Fold change
was calculated as log2 ratio between SCO + CTFE group and SCO group. All results were calculated
after setting a normalized value (log2) of 4.00 and a p-value of 0.05.
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3. Discussion

In the present study, we investigated the neuroprotective effects of CTFE on PC12 cells and
SCO-induced mice amnesia models. Before the test, we evaluated the neuroprotective effect of CTFE
against SCO-induced damage in PC12 cells. PC12 cells are neuron-like rat pheochromocytoma cells
that possess mAChR are sensitive to SCO, a negative control that induces cognitive and memory
impairment, as well as amnesia [35]. Our results confirmed that up to 5 and 500 mg/mL of SCO and
CTFE, respectively, were not cytotoxic for PC12 cells (Figure 1A,B).

ACh is used as a marker for the activation of neuronal function [36]. It is well recognized that
cholinergic drug injections exert robust effects on learning and memory, and the pharmacological
effects on learning and memory are closely associated with ACh release in the hippocampus, striatum,
and amygdala [37]. Moreover, ACh is rapidly degraded by AChE, thereby terminating the signal
transmission. Numerous studies suggest that AChE is a biomarker of neurotoxicity [38]. Our results
showed that SCO induced AChE activity, whereas co-treatment of SCO + CTFE significantly reduced
the AChE activity compared with SCO alone in our in vitro model (Figure 1C). On the other
hand, AChE activity was increased by CTFE treatment compared to the untreated control group
(Figure 1C). AChE has three variants known as AChE-S, AChE-R, and AChE-E and they have multiple
biological effects [39]. Previous studies showed that AChE was related to neuronal differentiation and
mineralization, as well as extension of neurite outgrowth [40,41]. In addition, AChE activity is not
limited to cholinergic transmission and is associated with several non-cholinergic actions such as cell
proliferation [42]. These results indicate that moderately increased AChE activity does not always
have negative effects involved in degenerative diseases. Therefore, our results suggest that CTFE acts
as an inhibitor of SCO and possesses neuroprotective effects against degenerative brain disease.

GAL is a reversible, competitive AChE inhibitor that was used in this study as a positive control [43].
GAL is used as an AChE drug treatment for AD, which has been accepted in many countries and
received Food and Drug Administration (FDA) approval for the treatment of mild-to-moderate AD in
2001 [44]. GAL acts as a neuroprotective agent, as indicated by its capacity for defending against the
cytotoxic effects of glutamate, hypoxia resulting from trophic factor deprivation, and amyloid-beta
neurotoxicity. In addition, GAL enhances neurotransmitter release and improves memory performance
in animal models [45]. Therefore, we used GAL as a positive control and SCO as a negative control in
animal studies.

Based on the in vitro results, we conducted the BMT and FCT to confirm the neuroprotective effect
of CTFE on rats. The Barnes maze was developed by Carol Barnes to overcome the stress induced by
swimming in the Morris water maze [46]. It is commonly used to evaluate spatial learning and memory
in mice based on whether they effectively solve a maze using multiple strategies (e.g., target location,
spatial cues, or cue condition). When tested for spatial learning tasks using the escape box, to confirm
that similar levels of proficiency have been achieved between all mice looking for an escape box,
all mice were not injected with drugs for days 1–4. Until day 4, the number of errors, the time of latency
to enter the escape box, and the total distance to enter the escape box were recorded. Our results
confirmed that a similar level of proficiency was acquired between all mice looking for an escape box
(Figure 2A,B). On day 5 (probe phase), SCO + 125, 250, and 500 mg/kg/day CTFE groups spent more
time in the target zone than the SCO group in a dose-dependent manner (Figure 2C). A previous study
has shown that SCO is known to impair spatial working memory [47]. The result supports the fact that
the SCO group’s reduced duration time indicates memory retrieval impairment. Our results suggest
that SCO inhibits spatial memory function, whereas CTFE improves spatial memory by increasing
memory retrieval ability. Moreover, tests for contextual and cued fear are used to evaluate the ability of
mice to learn and remember an association between environmental cues and aversive experiences [48].
We confirmed that the SCO group had a shorter freezing time than the 500 mg/kg/day CTFE group in
the contextual and cued FCT (Figure 2D,E). These results suggest that CTFE has a protective effect
against SCO-induced memory impairment.
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ChAT synthesizes ACh by using substrates such as choline and acetyl-CoA [9]. Choline is
synthesized in the liver, some of which is derived through dietary intake, and is transferred across the
blood–brain barrier through specific membrane transporters [49]. Moreover, the levels of choline and
ACh in the blood are associated with brain ACh concentration [50]. To confirm the regulation effect of
ACh levels and AChE activity by CTFE, blood was collected from micebefore sacrifice. Furthermore,
to prevent other factors, we used a small amount of ether to anesthetize mice to prevent changes
in choline/Ach caused by anesthetic [49]. Our result confirmed that CTFE increases ACh levels
compared to SCO (Figure 3A). A previous study supported the fact that large amounts of ACh were
found to prevent SCO-induced memory dysfunction [51]. Moreover, GAL (positive control) and the
SCO + 500 mg/kg/day CTFE group displayed slightly reduced AChE activity compared to the SCO
group (Figure 3B). These results indicate that CTFE inhibits ACh removal by SCO, thereby enhancing
cholinergic neurotransmission [52]. On the other hand, a previous study showed that AChE inhibition
induces side effects dependent on the inhibition rate of AChE activity [38]. Our results confirmed that
the inhibition rate of AChE (within 10%) by CTFE is similar to the GAL treatment group (within 10%).
Overall, our results suggest that CTFE regulates choline and ACh levels, and improves choline function,
as it has a blood–brain barrier penetration ability. Moreover, CTFE is a safe natural material with a
similar efficacy to GAL; therefore, it can be considered as a candidate for treatment of degenerative
brain disease.

To investigate the intracellular signaling pathway involved in learning and memory, we selected
CREB, ERK1/2, AMPK, and SIRT3. Previous studies have shown that these proteins are associated
with neuronal survival and are activated by each other [31,32]. CREB regulates the expression of genes
related to brain-derived neurotrophic factor, which promotes neuronal survival, memory consolidation,
and synaptic plasticity [53]. Activation of CREB is required for the formation and retention of memory,
which is the main physiological parameter of AD [54]. Moreover, reduced p-CREB has been observed in
the postmortem brains of patients with AD [55]. ERK1/2 is a mitogen-activated protein kinase (MAPK)
with a critical role in learning and memory. Previous studies have shown that its signaling is required
for the activation of transcription during long-term memory and short-term memory formation [56,57].
ERK1/2 coordinates neuronal responses to extracellular signals and affects cell growth, differentiation,
migration, and proliferation [58]. It is also known that ERK1/2 regulates synaptic remodeling,
axonal growth, long-term potentiation, and neuronal excitability [59]. Our results demonstrate that
although total CREB expression is comparable to ERK1/2 expression, the phosphorylated forms of CREB
and ERK1/2 increase in the SCO + CTFE groups compared with SCO treatment alone (Figure 1D,E).
The activation of CREB depends on phosphorylation by AMPK [60]. Moreover, AMPK is essential
for the regulation of neuronal energy metabolic plasticity related to synaptic activation, which causes
cognitive impairment [61]. Furthermore, a close association between AMPK and SIRT3 was indicated
from a previous study showing that ischemic brain injury was protected through a positive feedback
loop between two molecules [62]. We confirmed that CTFE induces AMPK activation and SIRT3
expression compared to the SCO treatment group (Figure 4). A study showed that autophagy was
essential for anti-inflammatory and synaptic plasticity in glial cells [63]. Autophagy has an important
role in cell survival in neuronal cells and elimination of abnormal protein. Moreover, autophagy
was down-regulated in neurodegenerative diseases in accordance with the regulation of ERK [64,65].
AMPK, which is upstream of ERK in autophagy, induces autophagy activation [66]. Another study
confirmed that chebulagic acid induces neuroprotective effect by inducing autophagy [67]. These results
suggest that CTFE protects against SCO-induced neuronal impairment by inducing autophagy through
regulation of SIRT3, AMPK, ERK1/2, and CREB signaling pathways.

To confirm the neuroprotective effect of CTFE, we performed microarray analysis on the mice
hippocampal tissues. Our data showed that CTFE increases the expression of spp1, klk6, and other
genes related to neurogenesis and neuronal cell differentiation based on the DAVID database (Figure 5).
SPP1 (also called osteopontin) is known to play an important role in postischemic lateral migration
of neuroblasts and tissue remodeling following cerebral ischemia [68]. Induction of SPP1 enhanced
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neuroprotective effects by regulating neuroinflammation markers such as nitric oxide synthase and
nitric oxide in microglia [69]. Other research showed high SPP1 expression in the mild cognitive
impairment group compared to the untreated control and dementia groups [70]. KLK6 serves
various physiological functions in the central nervous system, including cell differentiation and
survival by activating the components of the MAPK and AKT signaling cascades in central nervous
system-derived cells [71]. Previous studies showed that KLK6 was related to neuroinflammation and
neurodegenerative diseases, as it was induced in the mild cognitive impairment group compared
to the dementia group [70,72]. In association with cognitive deficits, by regulating large-scale
brain networks, neuroinflammation is indicated to be correlated with the progression of AD [73].
Thus, CTFE is suggested to have a neuroprotective effect on SCO-induced cognitive impairment by
regulating autophagy in neuroinflammation through SIRT3-AMPK/ERK1/2-CREB signaling pathways.
Overall, CTFE affects neurogenesis and neuronal cell differentiation, as well as synaptic plasticity,
memory consolidation, and other neuronal functions. Improvements in behavioral expression,
cholinergic function, and the cholinergic signaling pathway were thought to result from the inhibitory
effect of CTFE on alterations in SCO-induced gene expression. Based on our results, among the
numerous chemicals in CTFE, the candidates for neuroprotective effects were expected to be at least
one of the following four chemicals: 4′-O-methylalpinumisoflavone, 6,8-diprenyl orobol, 6,8-diprenyl
genistein, oralpinumisoflavone.

In conclusion, SCO blocks the stimulation of postsynaptic acetylcholine receptors [13] and induces
learning and memory dysfunction. CTFE improves cholinergic function by reducing AChE activity
and increasing the ACh concentration against SCO-induced damage. Furthermore, SCO inhibits the
activation of SIRT3, AMPK, CREB and ERK1/2, causing learning and memory dysfunction, but CTFE
can recover it. In addition, CTFE affects gene expressions associated with neurogenesis and neuronal
cell differentiation. Our results suggest that CTFE has a therapeutic effect on neurodegenerative
diseases related to learning and memory dysfunction by improving cholinergic systems and regulating
intracellular signaling and gene expression.

4. Materials and Methods

4.1. Chemicals and Reagents

(−)-SCO methyl bromide and galantamine (GAL) hydrobromide were purchased from
Sigma-Aldrich (St. Louis, MO, USA). SCO was dissolved in 0.9% saline solution for animal
administration. Roswell Park Memorial Institute (RPMI) 1640 medium was purchased from Welgene
(Daegu, Korea). Horse serum (HS), fetal bovine serum (FBS), and penicillin/streptomycin (P/S) were
purchased from Gibco/Life Technologies (Breda, The Netherlands).

4.2. Plant Extract

Cudrania tricuspidata fruit was purchased from Hampyeong Farming Association (Jeollabuk-do,
Korea). After drying the fruit (100 kg) using a hot-air dryer at 40 ◦C for 72 h, 20 kg of dried C. tricuspidata
fruit was obtained. Dried C. tricuspidata fruit was extracted in a high-speed vacuum low-temperature
extractor (Cosmos, Incheon, Korea) with 10-fold 50% methanol at 80 ◦C for 4 h and then heated in boiling
water at 100 ◦C. After freeze-drying, CTFE was kept in a 4 ◦C chamber. A previous study has shown
that 4′-O-methylalpinumisoflavone, 6,8-diprenyl orobol, 6,8-diprenyl genistein, and alpinumisoflavone
were identified in CTFE (Figure 6) [74].
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Figure 6. The structure of chemicals in Cudrania tricuspidata. (A) 4′-O-methylalpinumisoflavone,
(B) 6,8-diprenyl orobol, (C) 6,8-diprenyl genistein, and (D) alpinumisoflavone.

4.3. Cell Culture

The PC12 cell line was obtained from the American Type Culture Collection (ATCC) Global
Bioresource Center (Manassas, VA, USA). The undifferentiated PC12 cells were cultured in a growth
medium (RPMI 1640) supplemented with 5% FBS, 10% HS, and 1% P/S at 37 ◦C in a humidified
atmosphere of 5% CO2. For nerve growth factor (NGF)-induced differentiation studies, PC12 cells were
cultured in differentiating medium (RPMI 1640) supplemented with 1 µg/mL NGF, 1% FBS, 0.5% HS,
and 1% P/S at 37 ◦C in a humidified atmosphere of 5% CO2.

4.4. Cell Viability Assay

NGF-induced differentiated PC12 cells were seeded in differentiating medium at 10 × 103 cells/well
in a 96-well microplate for assessing SCO and CTFE cytotoxicity by the WST-1-based method.
After exposure to different concentrations of CTFE (0, 50, 100, 200, and 500 µg/mL) and SCO (0.0, 0.5, 1.0,
2.5, and 5.0 µg/mL) for 24 h, the cells were incubated with 110 µL of differentiating medium containing
10% EZ-Cytox Reagent (Daeil Lab Service, Seoul, Korea) at 37 ◦C for 2 h. Afterward, absorbance was
measured at 450 nm using a microplate ELISA reader (TECAN, Männedorf, Switzerland).

4.5. AChE Activity Assay

To assess the effect of CTFE on AChE, the differentiated PC12 cells were seeded in differentiating
medium at 104 cells/well in a 96-well microplate for assaying the AChE activity. The cells were exposed
to 2.5 µg/mL SCO and different concentrations of CTFE (50, 100, and 200 µg/mL) for 24 h. Afterward,
the AChE activity was measured at 37 ◦C for 10–30 min using an AChE Colorimetric Assay Kit
(BioVision, Mountain View, CA, USA). Absorbance at 570 nm was measured in a microplate ELISA
reader (TECAN). The effects of SCO and CTFE on AChE activity were determined by comparing the
absorbance values with the standard curve of AChE.

4.6. Western Blot Analysis of PC12 Cells

The cells were dissolved with RIPA lysis buffer (1× RIPA, 200 mM phenylmethylsulfonyl fluoride
(PMSF), 100× phosphate inhibitor cocktail 2, 100× phosphate inhibitor cocktail 3, 100× protease).
The protein concentration of the cell lysate was quantified (20 µg/mL) using a Pierce™ BCA Protein
Assay Kit (Thermo Fisher Scientific, San Jose, CA, USA). It was loaded in 10% sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and run at 200 V for 60 min. Samples were
transferred by electrophoresis to polyvinylidene fluoride (PVDF) membranes at 20 V for 18 h in a 4 ◦C
chamber. Membranes were blocked with 5% skim milk in a mixture of Tris-buffered saline and Tween
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20 (TBST) for 1 h. Afterward, they were incubated with primary antibodies (1:1000 dilution of CREB,
ERK1/2, p-CREB, p-ERK1/2 (Cell Signaling Technology, Beverly, MA, USA) and β-actin (Santa Cruz
Biotechnology, Santa Cruz, CA, USA)) overnight at 4 ◦C. The membranes were washed three times
with TBST and incubated with goat anti-mouse or mouse anti-rabbit antibodies (1:3000; Santa Cruz
Biotechnology) for 45 min at room temperature. After washing three times, immunoreactivity was
detected using an enhanced chemiluminescence detection system (GE Healthcare, Little Chalfont,
UK). Bands were visualized using the ChemiDoc™ XRS+ system (Bio-Rad, Hercules, CA, USA).
The intensity of each band was quantified using Image Lab™ software (Bio-Rad, Hercules, CA, USA).

4.7. Animals and Drug Treatments

Six-week-old male ICR mice (25–30 g) were purchased from the Orient Bio Co., Ltd. (Gyeonggi-do,
Korea), and kept in the Dongguk University Laboratory Animal Research Center (Korea). All mice
were housed under controlled conditions at 23 ± 3 ◦C, with a relative humidity of 50 ± 10%, room air
changes 10–15 times/h, and a 12-h light/dark cycle (09:00–21:00). Food and water were provided
ad libitum. The animals were used after 2 weeks of adaptation. All animal experiments in this
study were approved by the Institutional Animal Care and Use Committee of Dongguk University,
Seoul, Korea (approval no. 2015-DGU-052). To test the effects of CTFE on learning and memory
function, the mice were randomly assigned to six treatment groups (n = 7). The ear of each mouse
was marked with a permanent marker for easy identification. Water and CTFE were given daily via
oral administration for 28 days. The volume of oral (p.o.) and intraperitoneal (i.p.) administration
was 1 mL/100 g body weight (BW) of mice. BW was checked every day before oral administration.
Treatments were administered to the six groups as follows:

Group 1: water, p.o. and normal saline, i.p. (vehicle control)
Group 2: water, p.o. + 2 mg/kg GAL, i.p. (positive control)
Group 3: water, p.o. + 1 mg/kg SCO, i.p. (negative control)
Group 4: 125 mg/kg/day CTFE, p.o. + 1 mg/kg SCO, i.p.
Group 5: 250 mg/kg/day CTFE, p.o. + 1 mg/kg SCO, i.p.
Group 6: 500 mg/kg/day CTFE, p.o. + 1 mg/kg SCO, i.p.

For each behavioral test, except for the training phase in the Barnes maze and the hippocampal
tissue analysis, mice were injected with normal saline, GAL, and SCO i.p. 30 min before each trial.
An experimental timeline of drug administrations and the behavioral tests of mice are schematically
shown (Figure 7).

4.8. Barnes Maze Test (BMT)

The Barnes maze test (BMT) is a dry-land maze test for spatial learning and memory using spatial
cues [75]. Briefly, we prepared a maze consisting of a black platform (92 cm in diameter, 105 cm in
height) with 20 holes (5 cm in diameter, 7.5 cm intervals between the holes) and a circumference of
2 cm (Jungdo B&P, Seoul, Korea). A black escape box (1064 cm) with bedding was placed under one
of the holes (target/escape hole). Three simple colored-paper shapes (square, triangle, circle) were
mounted around the room as visual cues. The test was performed in a room with a bright light (350 lux).
When the mouse started exploring, a buzzer (85 dB) was activated to motivate the animal to find the
target hole. At the end of each trial, the Barnes maze and escape box were cleaned three times with 70%
ethanol, and fresh bedding was provided to prevent olfactory clues emanating from fecal boles and
urine puddles. Each trial was recorded by a video camera and analyzed by behavior analysis software
(EthoVision XT 9, Noldus, Wageningen, The Netherlands). The distance and latency to enter the escape
box were measured during training phases (days 1–4) to determine the training level. In the probe
phase (day 5), the maze was divided into quadrants, and the time in the target zone was measured to
determine spatial learning [46].
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Figure 7. Experimental timeline of drug administrations and the behavioral test order in mice.
After 2 weeks of habituation in the animal room, mice were administered saline or CTFE for 28 days
once daily. All mice were sacrificed for hippocampal tissue collection. BMT: Barnes maze test, FCT:
fear conditioning test, CTFE: Cudrania tricuspidata fruit extract, GAL: galantamine, SCO: scopolamine,
ACh, acetylcholine.

4.9. Fear Conditioning Test (FCT)

The contextual and cued fear conditioning test (FCT) is a paradigm to study the biology of fear,
anxiety, and memory [76]. Briefly, the mouse was exposed to conditional stimuli, such as tone, light,
or place with an unconditional stimulus, like electrical foot shock. To perform the test, the mouse
was placed in a conditioning chamber consisting of a grid floor able to transmit an electronic shock
so that the mouse exhibited freezing behavior, speakers to provide tone as a cue, and an electric
shock generator. The experimental conditions were under computer control. At the end of each
phase, the mouse was returned to the home cage, the conditioning chamber was cleaned three times
with 70% ethanol, and fresh bedding was provided to remove the fecal boles and urine puddles.
Freezing behavior was defined as the absence of movement, excluding respiration, and was used as
the index of fear [77]. Each phase was analyzed by behavior analysis software (EthoVision XT 9).

4.10. Blood Sampling and ACh Quantification

To assess the ACh concentration, blood was obtained from the retro-orbital plexus of mice under
brief anesthesia using an ether-filled jar with a tight-fitting lid. A microhematocrit capillary tube
was inserted into the corner of the eye socket underneath the eyeball of the anesthetized animal.
The tip was directed toward the middle of the eye socket at a 45◦ angle [78]. Blood was collected,
centrifuged (16,000 rpm at 4 ◦C for 5 min), and an aliquot of the separated serum was used for ACh
quantification using a Choline/ACh Quantification Colorimetric/Fluorometric Kit (BioVision).

4.11. Hippocampal Tissue Homogenization

After all the behavior tests were completed, mice were sacrificed. Hippocampal tissues of
sacrificed mice were homogenized in lysis buffer. After centrifugation (16,000 rpm at 4 ◦C for 15 min)
of the homogenate, the protein content of the supernatant was quantified (50 µg/mL) by the BCA assay
using a Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific).

4.12. AChE Activity in Hippocampal Tissue

Hippocampal tissue lysates were used to measure the AChE activity at 37 ◦C for 10–30 min,
using the AChE Activity Colorimetric Assay Kit (BioVision). Absorbance at 570 nm was measured in a
microplate ELISA reader (TECAN). The absorbance was compared with the AChE standard curve to
determine the SCO- and CTFE-induced AChE activity.
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4.13. Microarray Gene Expression Analysis

Microarray analysis was performed using the Affymetrix® Mouse Gene 2.0 ST Array (e-Biogen
Seoul, Korea). Total RNA was isolated from individual groups (vehicle, 1 mg/kg SCO, 500 mg/kg/day
CTFE, and CTFE + SCO) using the RNeasy® Mini Kit (Qiagen, Venlo, The Netherlands). The relative
expression of genes was showed using hierarchical clustering analysis of Multiexperiment Viewer
(MeV), v4.9.0.

4.14. Statistical Analysis

All analyses were performed using GraphPad Prism version 5.0 (GraphPad Software, Inc.,
San Diego, CA, USA). Data were expressed as mean ± SEM. Statistical significance was assessed by
one-way and two-way analysis of variance (ANOVA), followed by Tukey’s multiple comparisons test
at p < 0.05.

Author Contributions: S.-C.J. designed the study, analyzed the data, and wrote the manuscript. K.M.L. performed
the experiments, analyzed the data, and wrote the manuscript. M.K. performed the experiments and analyzed the
data. Y.-J.L. performed the experiments and analyzed the data. S.K. performed the experiments J.-O.P. performed
the experiments. J.-S.S. designed the study and contributed to the writing of the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by a grant from the National Institute of Forest Science (NIFOS, Korea,
2015) and the Dongguk University Research Fund of 2019.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pen, A.E.; Jensen, U.B. Current status of treating neurodegenerative disease with induced pluripotent stem
cells. Acta Neurol. Scand. 2016. [CrossRef] [PubMed]

2. Hallett, P.J.; Engelender, S.; Isacson, O. Lipid and immune abnormalities causing age-dependent
neurodegeneration and Parkinson’s disease. J. Neuroinflamm. 2019, 16, 153. [CrossRef] [PubMed]

3. Domaradzki, J. The Impact of Huntington Disease on Family Carers: A Literature Overview. Psychiatr. Pol.
2015, 49, 931–944. [CrossRef] [PubMed]

4. Lauterbach, E.C.; Victoroff, J.; Coburn, K.L.; Shillcutt, S.D.; Doonan, S.M.; Mendez, M.F.
Psychopharmacological neuroprotection in neurodegenerative disease: Assessing the preclinical data.
J. Neuropsychiatry Clin. Neurosci. 2010, 22, 8–18. [CrossRef] [PubMed]

5. Mangialasche, F.; Solomon, A.; Winblad, B.; Mecocci, P.; Kivipelto, M. Alzheimer’s disease: Clinical trials
and drug development. Lancet Neurol. 2010, 9, 702–716. [CrossRef]

6. Polinsky, R.J. Clinical pharmacology of rivastigmine: A new-generation acetylcholinesterase inhibitor for the
treatment of Alzheimer’s disease. Clin. Ther. 1998, 20, 634–647. [CrossRef]

7. Rogers, S.L.; Farlow, M.R.; Doody, R.S.; Mohs, R.; Friedhoff, L.T. A 24-week, double-blind, placebo-controlled
trial of donepezil in patients with Alzheimer’s disease. Donepezil Study Group. Neurology 1998, 50, 136–145.
[CrossRef]

8. Weon, J.B.; Yun, B.R.; Lee, J.; Eom, M.R.; Ko, H.J.; Lee, H.Y.; Park, D.S.; Chung, H.C.; Chung, J.Y.; Ma, C.J.
Cognitive-Enhancing Effect of Steamed and Fermented Codonopsis lanceolata: A Behavioral and Biochemical
Study. Evid. Based Complement. Alternat. Med. 2014, 2014, 319436. [CrossRef]

9. Kirsch, S.H.; Herrmann, W.; Rabagny, Y.; Obeid, R. Quantification of acetylcholine, choline, betaine,
and dimethylglycine in human plasma and urine using stable-isotope dilution ultra performance liquid
chromatography-tandem mass spectrometry. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2010,
878, 3338–3344. [CrossRef]

10. Shin, Y.; Cho, N.J. The C. elegans VIG-1 and FRM-1 modulate carbachol-stimulated ERK1/2 activation in
chinese hamster ovary cells expressing the muscarinic acetylcholine receptor GAR-3. Neurochem. Res. 2014,
39, 777–784. [CrossRef]

11. Klinkenberg, I.; Blokland, A. The validity of scopolamine as a pharmacological model for cognitive
impairment: A review of animal behavioral studies. Neurosci. Biobehav. Rev. 2010, 34, 1307–1350. [CrossRef]
[PubMed]

http://dx.doi.org/10.1111/ane.12545
http://www.ncbi.nlm.nih.gov/pubmed/26748435
http://dx.doi.org/10.1186/s12974-019-1532-2
http://www.ncbi.nlm.nih.gov/pubmed/31331333
http://dx.doi.org/10.12740/PP/34496
http://www.ncbi.nlm.nih.gov/pubmed/26688844
http://dx.doi.org/10.1176/jnp.2010.22.1.8
http://www.ncbi.nlm.nih.gov/pubmed/20160205
http://dx.doi.org/10.1016/S1474-4422(10)70119-8
http://dx.doi.org/10.1016/S0149-2918(98)80127-6
http://dx.doi.org/10.1212/WNL.50.1.136
http://dx.doi.org/10.1155/2014/319436
http://dx.doi.org/10.1016/j.jchromb.2010.10.016
http://dx.doi.org/10.1007/s11064-014-1268-4
http://dx.doi.org/10.1016/j.neubiorev.2010.04.001
http://www.ncbi.nlm.nih.gov/pubmed/20398692


Int. J. Mol. Sci. 2020, 21, 9202 14 of 17

12. Frumin, M.J.; Herekar, V.R.; Jarvik, M.E. Amnesic actions of diazepam and scopolamine in man. Anesthesiology
1976, 45, 406–412. [CrossRef] [PubMed]

13. Ray, R.S.; Rai, S.; Katyal, A. Cholinergic receptor blockade by scopolamine and mecamylamine exacerbates
global cerebral ischemia induced memory dysfunction in C57BL/6J mice. Nitric Oxide 2014, 43, 62–73.
[CrossRef] [PubMed]

14. Xin, L.-T.; Yue, S.-J.; Fan, Y.-C.; Wu, J.-S.; Yan, D.; Guan, H.-S.; Wang, C.-Y. Cudraniatricuspidata: An updated
review on ethnomedicine, phytochemistry and pharmacology. RSC Adv. 2017, 7, 31807–31832. [CrossRef]

15. Song, S.H.; Ki, S.H.; Park, D.H.; Moon, H.S.; Lee, C.D.; Yoon, I.S.; Cho, S.S. Quantitative Analysis, Extraction
Optimization, and Biological Evaluation of Cudraniatricuspidata Leaf and Fruit Extracts. Molecules 2017, 22.
[CrossRef]

16. Lee, T.; Kwon, J.; Lee, D.; Mar, W. Effects of Cudraniatricuspidata Fruit Extract and Its Active Compound,
5,7,3′,4′-Tetrahydroxy-6,8-diprenylisoflavone, on the High-Affinity IgE Receptor-Mediated Activation of Syk
in Mast Cells. J. Agric. Food Chem. 2015, 63, 5459–5467. [CrossRef]

17. Li, X.; Yao, Z.; Jiang, X.; Sun, J.; Ran, G.; Yang, X.; Zhao, Y.; Yan, Y.; Chen, Z.; Tian, L.; et al. Bioactive compounds
from Cudraniatricuspidata: A natural anticancer source. Crit. Rev. Food Sci. Nutr. 2020, 60, 494–514. [CrossRef]

18. Hiep, N.T.; Kwon, J.; Kim, D.W.; Hwang, B.Y.; Lee, H.J.; Mar, W.; Lee, D. Isoflavones with neuroprotective
activities from fruits of Cudraniatricuspidata. Phytochemistry 2015, 111, 141–148. [CrossRef]

19. Ebrahimzadeh, A.; Moghadam, S.Y.; Rahimi, H.; Motaghinejad, M.; Motevalian, M.; Safari, S.; Mesrabadi, M.A.
Crocin acts as a neuroprotective mediator against methylphenidateinduced neurobehavioral and
neurochemical sequelae: Possible role of the CREB-BDNF signaling pathway. Acta Neurobiol. Exp. 2019,
79, 352–366.

20. Sakamoto, K.; Karelina, K.; Obrietan, K. CREB: A multifaceted regulator of neuronal plasticity and protection.
J. Neurochem. 2011, 116, 1–9. [CrossRef]

21. Saura, C.A.; Valero, J. The role of CREB signaling in Alzheimer’s disease and other cognitive disorders.
Rev. Neurosci. 2011, 22, 153–169. [CrossRef] [PubMed]

22. Pugazhenthi, S.; Wang, M.; Pham, S.; Sze, C.I.; Eckman, C.B. Downregulation of CREB expression in
Alzheimer’s brain and in Abeta-treated rat hippocampal neurons. Mol. Neurodegener. 2011, 6, 60. [CrossRef]
[PubMed]

23. Medina, J.H.; Viola, H. ERK1/2: A Key Cellular Component for the Formation, Retrieval, Reconsolidation and
Persistence of Memory. Front. Mol. Neurosci. 2018, 11, 361. [CrossRef] [PubMed]

24. Sun, J.; Nan, G. The extracellular signal-regulated kinase 1/2 pathway in neurological diseases: A potential
therapeutic target (Review). Int. J. Mol. Med. 2017, 39, 1338–1346. [CrossRef]

25. Teich, A.F.; Nicholls, R.E.; Puzzo, D.; Fiorito, J.; Purgatorio, R.; Fa, M.; Arancio, O. Synaptic therapy in
Alzheimer’s disease: A CREB-centric approach. Neurotherapeutics 2015, 12, 29–41. [CrossRef]

26. Peixoto, C.A.; Oliveira, W.H.; Araujo, S.; Nunes, A.K.S. AMPK activation: Role in the signaling pathways of
neuroinflammation and neurodegeneration. Exp. Neurol. 2017, 298, 31–41. [CrossRef]

27. Marinangeli, C.; Didier, S.; Vingtdeux, V. AMPK in Neurodegenerative Diseases: Implications and Therapeutic
Perspectives. Curr. Drug Targets 2016, 17, 890–907. [CrossRef]

28. Liu, S.-G.; Wang, Y.-M.; Zhang, Y.-J.; He, X.-J.; Ma, T.; Song, W.; Zhang, Y.-M. ZL006 protects spinal cord
neurons against ischemia-induced oxidative stress through AMPK-PGC-1α-Sirt3 pathway. Neurochem. Int.
2017, 108, 230–237. [CrossRef]

29. Weir, H.J.; Murray, T.K.; Kehoe, P.G.; Love, S.; Verdin, E.M.; O’Neill, M.J.; Lane, J.D.; Balthasar, N. CNS SIRT3
expression is altered by reactive oxygen species and in Alzheimer’s disease. PLoS ONE 2012, 7, e48225.
[CrossRef]

30. Lee, I.H. Mechanisms and disease implications of sirtuin-mediated autophagic regulation. Exp. Mol. Med.
2019, 51, 1–11. [CrossRef]

31. Lonze, B.E.; Ginty, D.D. Function and regulation of CREB family transcription factors in the nervous system.
Neuron 2002, 35, 605–623. [CrossRef]

32. Nuttall, J.R.; Oteiza, P.I. Zinc and the ERK kinases in the developing brain. Neurotoxic. Res. 2012, 21, 128–141.
[CrossRef] [PubMed]

http://dx.doi.org/10.1097/00000542-197610000-00010
http://www.ncbi.nlm.nih.gov/pubmed/973692
http://dx.doi.org/10.1016/j.niox.2014.08.009
http://www.ncbi.nlm.nih.gov/pubmed/25168578
http://dx.doi.org/10.1039/C7RA04322H
http://dx.doi.org/10.3390/molecules22091489
http://dx.doi.org/10.1021/acs.jafc.5b00903
http://dx.doi.org/10.1080/10408398.2018.1541866
http://dx.doi.org/10.1016/j.phytochem.2014.10.021
http://dx.doi.org/10.1111/j.1471-4159.2010.07080.x
http://dx.doi.org/10.1515/rns.2011.018
http://www.ncbi.nlm.nih.gov/pubmed/21476939
http://dx.doi.org/10.1186/1750-1326-6-60
http://www.ncbi.nlm.nih.gov/pubmed/21854604
http://dx.doi.org/10.3389/fnmol.2018.00361
http://www.ncbi.nlm.nih.gov/pubmed/30344477
http://dx.doi.org/10.3892/ijmm.2017.2962
http://dx.doi.org/10.1007/s13311-014-0327-5
http://dx.doi.org/10.1016/j.expneurol.2017.08.013
http://dx.doi.org/10.2174/1389450117666160201105645
http://dx.doi.org/10.1016/j.neuint.2017.04.005
http://dx.doi.org/10.1371/journal.pone.0048225
http://dx.doi.org/10.1038/s12276-019-0302-7
http://dx.doi.org/10.1016/S0896-6273(02)00828-0
http://dx.doi.org/10.1007/s12640-011-9291-6
http://www.ncbi.nlm.nih.gov/pubmed/22095091


Int. J. Mol. Sci. 2020, 21, 9202 15 of 17

33. Fu, J.; Jin, J.; Cichewicz, R.H.; Hageman, S.A.; Ellis, T.K.; Xiang, L.; Peng, Q.; Jiang, M.;
Arbez, N.; Hotaling, K.; et al. Trans-(-)-epsilon-Viniferin increases mitochondrial sirtuin 3 (SIRT3),
activates AMP-activated protein kinase (AMPK), and protects cells in models of Huntington Disease.
J. Biol. Chem. 2012, 287, 24460–24472. [CrossRef] [PubMed]

34. Lombard, D.B.; Zwaans, B.M.M. SIRT3: As simple as it seems? Gerontology 2014, 60, 56–64. [CrossRef]
35. Pandareesh, M.D.; Anand, T. Neuromodulatory propensity of Bacopa monniera against scopolamine-induced

cytotoxicity in PC12 cells via down-regulation of AChE and up-regulation of BDNF and muscarnic-1 receptor
expression. Cell Mol. Neurobiol. 2013, 33, 875–884. [CrossRef]

36. Maurer, S.V.; Williams, C.L. The Cholinergic System Modulates Memory and Hippocampal Plasticity via Its
Interactions with Non-Neuronal Cells. Front. Immunol. 2017, 8, 1489. [CrossRef]

37. Gold, P.E. Acetylcholine modulation of neural systems involved in learning and memory.
Neurobiol. Learn. Mem. 2003, 80, 194–210. [CrossRef]

38. Lionetto, M.G.; Caricato, R.; Calisi, A.; Giordano, M.E.; Schettino, T. Acetylcholinesterase as a Biomarker in
Environmental and Occupational Medicine: New Insights and Future Perspectives. Biomed. Res. Int. 2013.
[CrossRef]

39. Valbonesi, P.; Franzellitti, S.; Bersani, F.; Contin, A.; Fabbri, E. Activity and expression of acetylcholinesterase
in PC12 cells exposed to intermittent 1.8 GHz 217-GSM mobile phone signal. Int. J. Radiat. Biol. 2016,
92, 1–10. [CrossRef]

40. Das, K.P.; Barone, S. Neuronal Differentiation in PC12 Cells Is Inhibited by Chlorpyrifos and Its Metabolites:
Is Acetylcholinesterase Inhibition the Site of Action? Toxicol. Appl. Pharmacol. 1999, 160, 217–230. [CrossRef]

41. Chinnadurai, R.K.; Saravanaraman, P.; Boopathy, R. The significance of aryl acylamidase activity of
acetylcholinesterase in osteoblast differentiation and mineralization. Mol. Cell Biochem. 2018, 440, 199–208.
[CrossRef] [PubMed]

42. Gutierres, J.M.; Carvalho, F.B.; Schetinger, M.R.; Agostinho, P.; Marisco, P.C.; Vieira, J.M.; Rosa, M.M.;
Bohnert, C.; Rubin, M.A.; Morsch, V.M.; et al. Neuroprotective effect of anthocyanins on acetylcholinesterase
activity and attenuation of scopolamine-induced amnesia in rats. Int. J. Dev. Neurosci. 2014, 33, 88–97.
[CrossRef] [PubMed]

43. Sramek, J.J.; Frackiewicz, E.J.; Cutler, N.R. Review of the acetylcholinesterase inhibitor galanthamine.
Expert Opin. Investig. Drugs 2000, 9, 2393–2402. [CrossRef] [PubMed]

44. Seltzer, B. Galantamine-ER for the treatment of mild-to-moderate Alzheimer’s disease. Clin. Interv. Aging
2010, 5, 1–6.

45. Wu, Z.; Zhao, L.; Chen, X.; Cheng, X.; Zhang, Y. Galantamine attenuates amyloid-beta deposition and
astrocyte activation in APP/PS1 transgenic mice. Exp. Gerontol. 2015, 72, 244–250. [CrossRef]

46. Attar, A.; Liu, T.Y.; Chan, W.T.C.; Hayes, J.; Nejad, M.; Lei, K.C.; Bitan, G. A Shortened Barnes Maze Protocol
Reveals Memory Deficits at 4-Months of Age in the Triple-Transgenic Mouse Model of Alzheimer’s Disease.
PLoS ONE 2013, 8. [CrossRef]

47. Stevens, R. Scopolamine impairs spatial maze performance in rats. Physiol. Behav. 1981, 27, 385–386.
[CrossRef]

48. Curzon, P.; Rustay, N.R.; Browman, K.E. Cued and Contextual Fear Conditioning for Rodents. In Methods of
Behavior Analysis in Neuroscience, 2nd ed.; Buccafusco, J.J., Ed.; CRC Press/Taylor and Francis: Boca Raton, FL,
USA, 2009.

49. Tsai, T.H. Separation methods used in the determination of choline and acetylcholine. J. Chromatogr. B 2000,
747, 111–122. [CrossRef]

50. Cohen, E.L.; Wurtman, R.J. Brain acetylcholine: Control by dietary choline. Science 1976, 191, 561–562.
[CrossRef]

51. Blake, M.G.; Boccia, M.M.; Krawczyk, M.C.; Delorenzi, A.; Baratti, C.M. Choline reverses scopolamine-induced
memory impairment by improving memory reconsolidation. Neurobiol. Learn. Mem. 2012, 98, 112–121.
[CrossRef]

52. Talesa, V.N. Acetylcholinesterase in Alzheimer’s disease. Mech. Ageing Dev. 2001, 122, 1961–1969. [CrossRef]
53. Jeon, S.J.; Rhee, S.Y.; Seo, J.E.; Bak, H.R.; Lee, S.H.; Ryu, J.H.; Cheong, J.H.; Shin, C.Y.; Kim, G.H.; Lee, Y.S.;

et al. Oroxylin A increases BDNF production by activation of MAPK-CREB pathway in rat primary cortical
neuronal culture. Neurosci. Res. 2011, 69, 214–222. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.M112.382226
http://www.ncbi.nlm.nih.gov/pubmed/22648412
http://dx.doi.org/10.1159/000354382
http://dx.doi.org/10.1007/s10571-013-9952-5
http://dx.doi.org/10.3389/fimmu.2017.01489
http://dx.doi.org/10.1016/j.nlm.2003.07.003
http://dx.doi.org/10.1155/2013/321213
http://dx.doi.org/10.3109/09553002.2016.1114188
http://dx.doi.org/10.1006/taap.1999.8767
http://dx.doi.org/10.1007/s11010-017-3167-x
http://www.ncbi.nlm.nih.gov/pubmed/28852920
http://dx.doi.org/10.1016/j.ijdevneu.2013.12.006
http://www.ncbi.nlm.nih.gov/pubmed/24374256
http://dx.doi.org/10.1517/13543784.9.10.2393
http://www.ncbi.nlm.nih.gov/pubmed/11060814
http://dx.doi.org/10.1016/j.exger.2015.10.015
http://dx.doi.org/10.1371/journal.pone.0080355
http://dx.doi.org/10.1016/0031-9384(81)90285-7
http://dx.doi.org/10.1016/S0378-4347(00)00268-1
http://dx.doi.org/10.1126/science.1251187
http://dx.doi.org/10.1016/j.nlm.2012.07.001
http://dx.doi.org/10.1016/S0047-6374(01)00309-8
http://dx.doi.org/10.1016/j.neures.2010.11.008
http://www.ncbi.nlm.nih.gov/pubmed/21145362


Int. J. Mol. Sci. 2020, 21, 9202 16 of 17

54. Alberini, C.M. Transcription factors in long-term memory and synaptic plasticity. Physiol. Rev. 2009,
89, 121–145. [CrossRef] [PubMed]

55. Zhang, N.; Wen, Q.; Ren, L.; Liang, W.; Xia, Y.; Zhang, X.; Zhao, D.; Sun, D.; Hu, Y.; Hao, H.; et al.
Neuroprotective effect of arctigenin via upregulation of P-CREB in mouse primary neurons and human
SH-SY5Y neuroblastoma cells. Int. J. Mol. Sci. 2013, 14, 18657–18669. [CrossRef] [PubMed]

56. Igaz, L.M.; Winograd, M.; Cammarota, M.; Izquierdo, L.A.; Alonso, M.; Izquierdo, I.; Medina, J.H.
Early activation of extracellular signal-regulated kinase signaling pathway in the hippocampus is required
for short-term memory formation of a fear-motivated learning. Cell Mol. Neurobiol. 2006, 26, 989–1002.
[CrossRef] [PubMed]

57. Feld, M.; Dimant, B.; Delorenzi, A.; Coso, O.; Romano, A. Phosphorylation of extra-nuclear ERK/MAPK
is required for long-term memory consolidation in the crab Chasmagnathus. Behav. Brain Res. 2005,
158, 251–261. [CrossRef]

58. Cruz, C.D.; Cruz, F. The ERK 1 and 2 pathway in the nervous system: From basic aspects to possible clinical
applications in pain and visceral dysfunction. Curr. Neuropharmacol. 2007, 5, 244–252. [CrossRef]

59. Zhao, X.; Zhang, R.; Tang, S.; Ren, Y.; Yang, W.; Liu, X.; Tang, J. Orexin-A-induced ERK1/2 activation reverses
impaired spatial learning and memory in pentylenetetrazol-kindled rats via OX1R-mediated hippocampal
neurogenesis. Peptides 2014, 54, 140–147. [CrossRef]

60. Huang, W.; Cao, J.; Liu, X.; Meng, F.; Li, M.; Chen, B.; Zhang, J. AMPK Plays a Dual Role in Regulation of
CREB/BDNF Pathway in Mouse Primary Hippocampal Cells. J. Mol. Neurosci. 2015, 56, 782–788. [CrossRef]

61. Marinangeli, C.; Didier, S.; Ahmed, T.; Caillerez, R.; Domise, M.; Laloux, C.; Bégard, S.; Carrier, S.; Colin, M.;
Marchetti, P.; et al. AMP-Activated Protein Kinase Is Essential for the Maintenance of Energy Levels during
Synaptic Activation. iScience 2018, 9, 1–13. [CrossRef]

62. Duan, W.J.; Li, Y.F.; Liu, F.L.; Deng, J.; Wu, Y.P.; Yuan, W.L.; Tsoi, B.; Chen, J.L.; Wang, Q.; Cai, S.H.;
et al. A SIRT3/AMPK/autophagy network orchestrates the protective effects of trans-resveratrol in stressed
peritoneal macrophages and RAW 264.7 macrophages. Free Radic. Biol. Med. 2016, 95, 230–242. [CrossRef]
[PubMed]

63. Kesidou, E.; Lagoudaki, R.; Touloumi, O.; Poulatsidou, K.-N.; Simeonidou, C. Autophagy and
neurodegenerative disorders. Neural Regen. Res. 2013, 8, 2275–2283. [CrossRef] [PubMed]

64. Cherra 3rd, S.J.; Chu, C.T. Autophagy in neuroprotection and neurodegeneration: A question of balance.
Future Neurol. 2008, 3, 309–323. [CrossRef]

65. Qin, Q.F.; Li, X.J.; Li, Y.S.; Zhang, W.K.; Tian, G.H.; Shang, H.C.; Tang, H.B. AMPK-ERK/CARM1 Signaling
Pathways Affect Autophagy of Hepatic Cells in Samples of Liver Cancer Patients. Front. Oncol. 2019, 9, 1247.
[CrossRef] [PubMed]

66. Thapalia, B.A.; Zhou, Z.; Lin, X. Sauchinone augments cardiomyocyte viability by enhancing autophagy
proteins -PI3K, ERK(1/2), AMPK and Beclin-1 during early ischemia-reperfusion injury in vitro. Am. J.
Transl. Res. 2016, 8, 3251–3265.

67. Kim, H.J.; Kim, J.; Kang, K.S.; Lee, K.T.; Yang, H.O. Neuroprotective Effect of Chebulagic Acid via Autophagy
Induction in SH-SY5Y Cells. Biomol. Ther. 2014, 22, 275–281. [CrossRef]

68. Yan, Y.P.; Lang, B.T.; Vemuganti, R.; Dempsey, R.J. Osteopontin is a mediator of the lateral migration of
neuroblasts from the subventricular zone after focal cerebral ischemia. Neurochem. Int. 2009, 55, 826–832.
[CrossRef]

69. Yu, H.; Liu, X.; Zhong, Y. The Effect of Osteopontin on Microglia. Biomed. Res. Int. 2017, 2017, 1879437.
[CrossRef]

70. Begcevic, I.; Brinc, D.; Brown, M.; Martinez-Morillo, E.; Goldhardt, O.; Grimmer, T.; Magdolen, V.; Batruch, I.;
Diamandis, E.P. Brain-related proteins as potential CSF biomarkers of Alzheimer’s disease: A targeted mass
spectrometry approach. J. Proteom. 2018, 182, 12–20. [CrossRef]

71. Vandell, A.G.; Larson, N.; Laxmikanthan, G.; Panos, M.; Blaber, S.I.; Blaber, M.; Scarisbrick, I.A.
Protease-activated receptor dependent and independent signaling by kallikreins 1 and 6 in CNS neuron and
astroglial cell lines. J. Neurochem. 2008, 107, 855–870. [CrossRef]

72. Mella, C.; Figueroa, C.D.; Otth, C.; Ehrenfeld, P. Involvement of Kallikrein-Related Peptidases in Nervous
System Disorders. Front. Cell Neurosci. 2020, 14, 166. [CrossRef] [PubMed]

http://dx.doi.org/10.1152/physrev.00017.2008
http://www.ncbi.nlm.nih.gov/pubmed/19126756
http://dx.doi.org/10.3390/ijms140918657
http://www.ncbi.nlm.nih.gov/pubmed/24025424
http://dx.doi.org/10.1007/s10571-006-9116-y
http://www.ncbi.nlm.nih.gov/pubmed/16977492
http://dx.doi.org/10.1016/j.bbr.2004.09.005
http://dx.doi.org/10.2174/157015907782793630
http://dx.doi.org/10.1016/j.peptides.2013.11.019
http://dx.doi.org/10.1007/s12031-015-0500-2
http://dx.doi.org/10.1016/j.isci.2018.10.006
http://dx.doi.org/10.1016/j.freeradbiomed.2016.03.022
http://www.ncbi.nlm.nih.gov/pubmed/27021965
http://dx.doi.org/10.3969/j.issn.1673-5374.2013.24.007
http://www.ncbi.nlm.nih.gov/pubmed/25206537
http://dx.doi.org/10.2217/14796708.3.3.309
http://dx.doi.org/10.3389/fonc.2019.01247
http://www.ncbi.nlm.nih.gov/pubmed/31799198
http://dx.doi.org/10.4062/biomolther.2014.068
http://dx.doi.org/10.1016/j.neuint.2009.08.007
http://dx.doi.org/10.1155/2017/1879437
http://dx.doi.org/10.1016/j.jprot.2018.04.027
http://dx.doi.org/10.1111/j.1471-4159.2008.05658.x
http://dx.doi.org/10.3389/fncel.2020.00166
http://www.ncbi.nlm.nih.gov/pubmed/32655372


Int. J. Mol. Sci. 2020, 21, 9202 17 of 17

73. Passamonti, L.; Tsvetanov, K.A.; Jones, P.S.; Bevan-Jones, W.R.; Arnold, R.; Borchert, R.J.; Mak, E.;
Su, L.; O’Brien, J.T.; Rowe, J.B. Neuroinflammation and Functional Connectivity in Alzheimer’s Disease:
Interactive Influences on Cognitive Performance. J. Neurosci. 2019, 39, 7218–7226. [CrossRef] [PubMed]

74. Yoon, S.Y.; Kim, S.J.; Sim, S.J.; Lee, H.J. Development of quantitative analytical method for isoflavonoid
compounds from fruits of Cudraniatricuspidata. J. Korean Wood Sci. Technol. 2016, 44, 337–349. [CrossRef]

75. Barnes, C.A. Memory deficits associated with senescence: A neurophysiological and behavioral study in the
rat. J. Comp. Physiol. Psychol. 1979, 93, 74–104. [CrossRef]

76. Shoji, H.; Takao, K.; Hattori, S.; Miyakawa, T. Contextual and Cued Fear Conditioning Test Using a Video
Analyzing System in Mice. JoVE J. Vis. Exp. 2014. [CrossRef]

77. Anagnostaras, S.G.; Wood, S.C.; Shuman, T.; Cai, D.J.; Leduc, A.D.; Zurn, K.R.; Zurn, J.B.; Sage, J.R.;
Herrera, G.M. Automated assessment of pavlovian conditioned freezing and shock reactivity in mice using
the video freeze system. Front. Behav. Neurosci. 2010, 4. [CrossRef]

78. Hoff, J. Methods of blood collection in the mouse. Lab. Anim. 2000, 29, 47–53.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1523/JNEUROSCI.2574-18.2019
http://www.ncbi.nlm.nih.gov/pubmed/31320450
http://dx.doi.org/10.5658/WOOD.2016.44.3.337
http://dx.doi.org/10.1037/h0077579
http://dx.doi.org/10.3791/50871
http://dx.doi.org/10.3389/fnbeh.2010.00158
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Cytotoxicity of SCO and CTFE on PC12 Cells 
	AChE Inhibitory Effect of CTFE on PC12 Cells 
	Effect of CTFE on Protein Levels of CREB and ERK1/2 in PC12 Cells 
	Effect of CTFE on SCO-Induced Learning and Memory Dysfunction of Mice in BMT 
	Effect of CTFE on SCO-Induced Learning and Memory Dysfunction of Mice in the FCT 
	Effect of CTFE on ACh Concentration and AChE Activity in Mice 
	Effect of CTFE on Protein Levels of SIRT3 and AMPK in Hippocampal Tissue of Mice 
	Global Gene Expression in Hippocampal Tissue of Mice 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Plant Extract 
	Cell Culture 
	Cell Viability Assay 
	AChE Activity Assay 
	Western Blot Analysis of PC12 Cells 
	Animals and Drug Treatments 
	Barnes Maze Test (BMT) 
	Fear Conditioning Test (FCT) 
	Blood Sampling and ACh Quantification 
	Hippocampal Tissue Homogenization 
	AChE Activity in Hippocampal Tissue 
	Microarray Gene Expression Analysis 
	Statistical Analysis 

	References

